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INTRODUCTION TO THE TEACHER’ S GUIDE 


The PSSC course is more than a textbook. It is a coordinated set of resources for 
the teaching of secondary school physics. It includes a text, laboratory guide, laboratory 
apparatus, closely-related films, tests, and a growing collection of supplementary reading 
material — the Science Study Series. To help teachers become familiar in detail with the 
content and purposes of the PSSC course, a number of colleges and universities have de- 
veloped teacher institute programs based on the PSSC materials. Good materials can con- 
tribute to making a good course, but the most important element of a successful PSSC 
course is the teacher. The teacher provides the indispensable services of interpretation 
and clarification of the substance of the course. His presentation can be tailored to the 
needs and abilities of his individual students. Only he can provide the day-by-day per- 
Sonal stimulation and inspiration which can come from a competent and enthusiastic ad- 
vocate who is sensitive to individual student’ s interests and learning problems. 


The purpose of this Guide is to help teachers translate the PSSC materials into class 
and laboratory programs. To this end, the Guide provides background information on the 
over-all and the detailed structure of the materials, makes concrete suggestions for class 
and laboratory activities, and discusses selected sections of the course at a level directed 
to teachers rather than students. The Guide does not presume to lay down hard and fast 
rules for teaching the course, but rather to provide suggestions which some will find di- 
rectly useful and which some will find stimulates the development of other approaches. 
Much of the Guide is based on the experience of many teachers who have found effective 
ways of presenting the PSSC course. The authors will welcome suggestions from teachers 
who use the Guide. 


In greater detail, the functions of the Guide, as seen by the authors, are: 


1) To put the individual topics in the perspective of the purposes and content of the 
entire course. Beyond the development in the text, it often is helpful for teachers to 
understand reasons for a particular argument or sequence of ideas. 


2) To present certain of the course topics to the teacher at a somewhat higher level 
than in the text for students. Through discussions that capitalize on the teacher' s ma- 
turity, experience, and training, the Guide hopes to help the teacher save time in gaining 
an increased understanding of the details of the course structure and content. 


3) To suggest appropriate use of the related materials relevant to each part of the text: 
laboratory experiments; films; Home, Desk and Lab problems; demonstrations; books in 
the Science Study Series; and occasional other materials. 


4) To provide detailed information on the use of laboratory experiments and apparatus. 
The laboratory Teacher's Guide (yellow pages) includes information on the purposes and 
optimum time for the various experiments, answers to the questions asked in the student’ s 
Laboratory Guide, and concrete suggestions for manipulating apparatus and conducting 
experiments. f 


5) To suggest possible schedules for teaching the course. For a teacher using the 
course for the first time, it is important to have some indication of a realistic schedule 
which will carry his class through Part IV by the end of the school year. For teachers 
who have taught the course, suggested schedules are less important. However, they 
serve for all as a reminder of the relative emphasis with which, experience has shown 
different parts of the course can be treated to achieve both completeness and adequate ; 


depth. Scheduling the course is discussed in greater detail in t i i 
wis eae Ge E ail in the next section, Teaching 


6) To provide solutions to the problems in the Home, Desk and Lab sections of the text 
For those problems which can be answered briefly or numerically, short answers are 
given at the beginning of the green pages for each chapter. Following the short answers 
detailed solutions are given for each problem. The detailed solutions are not particularly 
intended for quick reference. Neither are they intended as models for students’ solutions. 
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They are intended to help the teacher prepare for class discussion of problems. Because 
of this, the detailed solutions approach a problem much as a teacher might discuss it in 
class. They include much more „talking“ than should be expected in a student’s home- 
work assignment. 


7) To suggest occasional supplementary problems. Extra problems can be used for 
homework assignments, but, considering the large number of problems in the Home, Desk 
and Lab sections of the textbook, such problems probably are more appropriate for quizzes 
or class discussion. 


The Guide is divided into four parts, corresponding to Parts I, I, II, and IV of the text. 
A general section, Teaching the PSSC Course, is included in this part of the Guide. 


Each part of the Guide includes an introductory section discussing the salient features 
of the content of that Part of the course and suggesting appropriate schedules for the var- 
ious chapters. Then each Part of the course is discussed chapter by chapter. Each chap- 
ter includes a summary, suggestions for scheduling the various sections, and a listing of 
related materials relevant to that chapter. Then each section, or a convenient group of 
sections, is discussed. In general, these discussions are organized in paragraphs headed 
PURPOSE, EMPHASIS, CONTENT, DEVELOPMENT, and COMMENTS. 
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TEACHING THE PSSC COURSE 


The field of physics has advanced with ever-increasing rapidity during the past fifty 
years. Despite this progress, little attention has been given to revising the introductory 
teaching of basic ideas in the light of modern developments. Simply updating existing 
course structures may result, especially for a student who is not going on to specialize 
in the field, in a disjointed collection of ideas which falls short of giving an accurate 
perspective of the nature and role of physics in today’s world. 


The PSSC course essays the task of providing, at the introductory level, a conceptual 
framework of contemporary physics, and of showing how physical knowledge is acquired 
experimentally and woven into physical theory — how theory in turn directs and illuminates 
experimentation. The subject is presented not as a static codification of physical ideas, 
but as an integrated picture of contemporary physics — as a model of man’s intellectual 
activity, human, and therefore fallible, but a purposeful mode of inquiry. 


The content of the PSSC course has been chosen, not simply to cover“ physics, but 
to dispiay the structure of the field. The course is not as broad topically as some, but 
the topics that have been selected are explored more fully than in other beginning courses. 
The pattern evolved in the course is one in which the earliest work is cast in terms of the 
over-all picture that is sought. It is a pattern in which central ideas recur, each time to 
be carried further in a higher synthesis of ideas. It is a pattern which, as an alternative 
to authoritative assertion of principles followed by illustration or example, works from 
phenomena to theory. The frequent analysis of experiments in the text and films and the 
carefully integrated laboratory work strive to give meaning to physical laws and theories 
and an understanding of how they are formulated. : 


This approach to secondary school physics has been taken with the conviction that it 
is appropriate both for students who expect to continue in physics or other sciences, and 
for students who will have no further formal contact with physics. Those who have worked 
on the PSSC course would be the last to claim that it is the only satisfactory approach to 
secondary school physics. The course is simply offered as an approach which is appro- 
priate to the requirements of education in science for our times. 


Introducing a New Course. 


With all of the many details that must be taken care of in getting a new course started, 
it is sometimes easy to forget the importance of keeping parents, other faculty members, 
and the general student body aware of the general nature of the new work. 


Many teachers have found it helpful, early in the semester, to invite students’ parents 
to an out-of-school meeting for a discussion of the purposes and nature of the new course 
In addition to a general discussion, you might show, with a well-chosen demonstration or 
two, how laboratory work fits into the picture. If available, you might screen one of the 
films and show how it fits in. 


Some teachers have arranged similar programs during lunch hours or after Sch 
Students and faculty. Quite often they have asked some of the physics students to E 
pate in demonstrations of laboratory work. 


In getting your students started, there is probably no substitute for rolling up your 
sleeves and plunging in. A great deal of general talk about what is expected and about 
the nature of the course will probably be like water on a duck’ s back”. For back d 
you might suggest that students read the preface to the text. Eua, 


Almost certainly some students will find the course and its materials Quite different 
from what they expected. Students who are habituated to an authoritative approach ea 
Science will be rudely shocked. Your discriminating perception of such reactions and 
on-the-spot handling of them will be important. With some students you May have to 
work hard to get them to see the satisfaction of studying and working for Understandin 
rather than a capsulated summary of the facts“ Early laboratory work can help i 


— 


Using the Text. 

When the student reads or studies the text to follow a line of thought rather than to pick 
up factual conclusions, the text is a powerful teaching tool. Its care in moving from the 
concrete, phenomenon to the abstract concept will often serve the careful student without 

a great deal of explanatory discussion. What we hope to combat is a student approach of 
skimming (or skipping) the text in the belief that the teacher will go over it all in class. 
When your students come to class having studied the text for the major line of argument, 
with such supporting details as they have been able to glean, you are ready to sail! You 
will be in a position to nail down understanding rather than scramble for a minimum grasp 
of the subject. 


Use of Home, Desk and Lab Problems. 

If your students use the text in the vein indicated above, you will be able to use appre- 
ciable class time in analyzing problems. This will help you uncover misunderstandings, 
summarize the pertinent ideas and more broadly show their applicability. 


In general, the Home, Desk and Lab sections of the text include considerably more 
problems than a teacher will be able to use with any one class. To provide some guidance 
in selecting problems, the Guide frequently indicates those problems that are regarded as 
being among those which are most instructive. 


The order in which the problems appear in the Home, Desk and Lab sections of the 
text has been chosen with considerable care. While the order in general follows the con- 
ceptual development of the chapter, sometimes easy problems have been inserted ahead of 
their ‘‘logical’’ place to provide leads toward new ideas. Sometimes problems that are 
topically related to early parts of a chapter are placed near the end of a set of problems. 
One reason for this is because the problem is complex and a little maturity with the ideas 
willhelp. Sometimes it is because a problem is particularly valuable for summarizing 
and tying together the work of a chapter. 


In the summary section for each chapter, the Guide includes tables (repeated at the 
beginning of the green pages) which indicate the sections to which the various problems 
are conceptually related. The tables also classify problems according to their estimated 
level of difficulty and identify those problems which are particularly suited to class discus- 
sion. 


Two questions on the handling of problems come up 80 frequently that they deserve 
comment at this point: These questions relate to the use of significant figures and han- 
dling dimension in working through a problem. 


Significant figures are discussed in Chapter 3 of PartI. The authors of the text and 
the guide feel that extended emphasis is not warranted in the classroom development of 
this material. The main purpose of the presentation is to demonstrate to students, for 
example, that if an object has a mass of 7.5 grams and a volume of 3.3 cubic centimeters,- 
its density can meaningfully be specified to be 2.3 grams per cubic centimeter. There 
is neither point nor meaning in carrying out the long division further to get 2. 272-53) orate 


gms/ ont If this idea is communicated successfully to students, that is all that is in- 
tended. An introductory course is surely not the place to develop a theory of errors. 
Neither should rigor be attributed to any of the acceptable significant figure recipes, 
none of which is truly precise. Try not to “loge sight of the forest for the trees". Use 
the material on significant figures only as it is intended — to help students in finding a 
rationale for cutting off their arithmetical computation at a reasonable place. 


In presenting solutions to HDL problems, the authors of the Guide have tried to 
maintain a consistent significant figure practice. If a problem statement gives, for in- 
stance, the mass of an object as 3 grams, it is assumed, where reasonable, that this 
is an exact number and not the result of a measurement that is limited in accuracy to 
one significant figure. 
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Many questions are asked about the explicit handling of dimensions in following through 
the work of a problem. 


For example, suppose that we wish to know the number of atoms in a cubic centimeter 
of a substance. The data given might be: 


N= Avogadro’ s number = 6.0 X 1073 atoms/mole 
A= atomic mass = 200 gms/mole 
3 
D = Density = 20 gm/cm 
The problem could be solved, writing, 


W _ 6.0X107 20 _ 6x 102 
N 200 


Some teachers prefer: 


z atoms/ om" 


28 3 
n= ND _ 8.0 X10 atoms/mole X20 gm/em' _ 6 x 1022 . 
A 200 gm/ mole 


The latter procedure is certainly the more rigorous of the two. Furthermore, by actually 
following through the dimensional cancellation, a student can check to see that he put the 
proper numbers in the numerator and in the denominator. This is a tool that is often help- 
ful in the initial phases of learning a new relation and which every student should learn to 
use when he needs it. However the authors feel that the proper time to penalize a student 
for shortcutting an explicit following of dimensions is when it causes him to have trouble. 
For instance, when a student, in doing the above problem, writes: 


NA _ 6.0 X 10?? x 200 


y 24 
————— Z x OK 
D 20 6.0 X10 


n atoms/ em; 


this is the time to correct his procedure. Unvarying insistence on writing out all dimen- 
sions, long after a student clearly understands what he is doing, may lead to dampening 


the enthusiasm which often accompanies the newly-found power to solve quantitative prob- 
lems. 


Using the Laboratory. 

The laboratory can make unique and key contributions to the success of the course. In 
certain parts of the course the laboratory should carry the main burden of developing the 
subject. For a statement on the role of the laboratory in the PSSC course, and genera] 
suggestions on handling the laboratory work, see the introduction to the Teacher's Guide 
for Laboratory Experiments (yellow pages). 

Films. 


In designing the PSSC films careful attention has been given to the aims and structure 


of 195 course as a whole and to the related development of the topics in the text and lab- 
oratory. 


While many experiments are shown in the films rarely are experiments in 

: , cluded 
which can and should be done in the laboratory. Such e only d where 
it is necessary to the logic of the film. In such cases it is usually done briefly and al- 
lusively. Some films include experiments s 


uitable for the school lab 
with sophisticated apparatus; in such cases the film Bus ees ent 


is intended to hel i 
and clearly should be shown after the student has done the lab work. y Dr Seether, 


text; and laboratory, 
The Guide will make Suggestions 


Because of the close correlation of films, 
the films is extremely important. 


proper scheduling of 
these urgent scheduling problems. 


to help you meet 


The films are not intended to usurp the teacher’ s function. The various general roles 
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they play — introducing à subject, providing data through an experiment difficult for stu- 
dents to perform, helping to summarize a subject — are all intended to provide take-off 

points for teacher and class. By directing attention to key ideas they are meant to help 

teachers see that their class develops a proper perspective. 


Beyond their content the films are intended to show real scientists in action, pre- 
senting them not as diserabodied intellects, but as normal, active, occasionally fallible 
human beings, dealing with real problems and deriving satisfaction and at times excit- 
ment from their work. In this quietly implicit way the films attempt to show the nature 
of the scientist and the scientific way of life. 


Finally, the films are scrupulously honest. Filmed experiments were carefully per- 
formed and are accurately reported. The films contain no high gloss; they are frankly 
teaching films. 


Tests. 

Ten achievement tests, two for each of the four Parts of the course, and two compre- 
hensive tests covering the first and the second half of the course, have been prepared with 
the cooperation of the Educational Testing Service. These are objective tests. Because 
of their emphasis on the application of knowledge rather than the recall of facts, the tests 
are valuable as teaching devices as well as for testing purposes. Class discussion of 
tests following their completion and scoring can be a useful teaching technique. 


While these tests can contribute to the evaluation of students’ progress, they are not 
intended as sole criteria for judging student accomplishment. For this purpose the tests 
should be supplemented by teacher-devised procedures for considering various other as- 
pects of a student’ s work — such as laboratory and homework. For examination purposes 
most teachers will want to supplement these tests with their own quizzes and examina- 
tions. 


The Science Study Series. 
“The Science Study Series offers to students and to the general public the writing of 


distinguished authors on the most stirring and fundamental topics of physics, from the 

smallest known particles to the whole universe. Some of the books tell of the role of 
physics in the world of man, his technology and civilization. Others are biographical in 
nature, telling the fascinating stories of the great discoverers and their discoveries. All 
the authors have been selected both for expertness in the fields they discuss and for ability 
to communicate their special knowledge and their own views in an interesting way. The 
primary purpose of these books is to provide a survey of physics within the grasp of the 

` young student or the layman. Many of the books, it is hoped, will encourage the reader 


to make his own investigations of natural phenomena.“ i 


The Science Study Series is being developed to provide supplementary material for 
secondary school physics students as well as to provide science resource material for 
other students and laymen. At this writing, eleven books have been published, about 
sixty more are in some phase of preparation, and more are planned. 


In developing the books of the Science Study Series, the PSSC does not intend them as 
‘formal parts of the course. However, they will be valuable resources for any secondary 
school physics teacher. You will have many occasions to refer students to appropriate 
books. Sets of these books will be a valuable addition to your classroom and to the school 
library. Your school’s English teachers should find them a useful resource for science- 
oriented students. 


Published Information on PSSC. 
For teachers who are interested in reading some of the published information and 
commentary on the PSSC course, the following sources are listed. 


Quoted from the introduction to each volume of the Science Study Series. 
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Physics Today, ‘‘Physical Science Study Committee, A Planning Conference Report.“ 
Vol. 10, No. 3, 28-29, March, 1957 


This article reports the proceedings of the December, 1956 fifty-member planning 
conference which initially outlined the PSSC work. 


The Science Teacher, 24:316-327. November, 1957. Elbert P. Little, ‘‘From these Be- 
ginnings....’’ Francis L. Friedman, A Blueprint...."' Jerrold R. Zacharias, Into 
the Laboratory....’’ Gilbert C. Finlay, ‘‘What Are the Questions?"' 


These articles were prepared near the end of the summer of 1957, just after the 
first large group of physicists, teachers and other specialists had begun intensive work 
on the preparation of materials, and before the materials were used in any schools. 
The articles describe the background and purposes of the Committee’ s work. 


Physical Science Study Committee First Annual Report of the Physical Science Study 
Committee”, The Committee, 1958, 42 p. 


This report is out of print, but a great many were distributed to teachers and 


schools. The report described the work of the Committee from its beginnings through 
June 1958. 


A Symposium: The Physical Science Study Committee". Harvard Educational Review, 
29:1-36. Winter 1959 


These articles provide commentary on the work of the PSSC both by members of the 
Committee and by others. 


Gilbert C. Finlay and Frederick L. Ferris Jr. » “Physical Science Study Committee: A 


Status Report and an Achievement Test Report” The Science Teacher, 26:574 - 581, 
December, 1959. 


These articles describe the work of the Committee between September 1957 and 
September 1959, and report the results of the physies achievement testing program 
carried out with secondary school students who studied the PSSC course in 1958- 59. 
A brief resume is given on the opinions of teachers who taught the course. 


Gilbert C. Finlay ‘‘Secondary School Physics: The Physical Science Study Committee“, 


The American Journal of Physics, 28:286-293, March, 1960 
The content of the PSSC course is outlined in some detail. 


work and films are described to show how these parts of the co 
the text. 


Examples of laboratory 
urse are integrated with 


Frederick L. Ferris Jr. Testing for Physics Achievement” 
Physics, 28:269-278, March, 1960 i à 


While not dealing Specifically with the PSSC program, this i 
articl 
illustrations drawn from the PSSC achievement testing program Bees ed ut 
of view behind the development of the PSSC tests. à : 


The American Journal of 


Educational Services Incorporated, 1959 Progress Report", The Corporation, 1959. 47 p 


This report reviews the work of the PSSC through 1959, 
Scheduling the Course. 


Because of the investigative, questioning nature of the te: 
and because the main theme of the course is found in the fundamental ideas that bind 


together a wide range of physical phenomena into an integrated pi ur 
y ture; - 
vides many temptations for students (and teachers) to Gua P E 
both in depth and breadth of coverage. pe need, 


xt, laboratory, and films; 
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If a teacher shares the aim of the authors to convey a sense of the range and power of 
the fundamental physical ideas, he will want to schedule his course so as to be able to 
spend enough time on the latter chapters of Part IV to show how these ideas reach to the 
domain of inside the atom. While the open-endedness of the course is tempting, over- 
extending the treatment of earlier material will force a sacrifice near the end. Ways 
must be found of preserving the spirit of inquiry without responding to every invitation 
to a side excursion. One of the purposes of the Guide is to spell this out as clearly as 
possible, principally for the benefit of new teachers. 


In scheduling and teaching the PSSC course most of the adjustments“ that can be 
made to accomodate a specific schedule must come from changes in depth of treatment. 
This is because the course material has been selected and organized so as to build toward 
an integrated picture. If the course consisted of weakly-connected units, it would be easy 
to select an appropriate number to fit a particular schedule. But this is not the case. The 
course carefully builds new ideas in the context of the preceding material. This continuity 
is one of the course’s chief pedagogical virtues, however it means that understanding of 
the later parts would be only superficial without the foundation of the preceding material. 
Thus, for the teacher who needs to adapt the course to a short schedule, time can be saved, 
with one or two exceptions, only by controlling the depth with which certain topics are 
covered. 


To help the teacher avoid the frustration of finding himself in the middle of Part III at 
the beginning of June, the Guide is presumptuous in that it suggests quite detailed sets of 
schedules. These are not given with the thought that they are the only feasible schedules. 
Final decisions on scheduling obviously must rest with the teacher. The scheduling sug- 
gestions are made in the belief that they will be helpful as a general guide. 


In order to put numbers in a suggested schedule, some assumptions are required 
about the classroom time that is available. This may vary from something like five 45 
minute periods per week for a 35 week school year to seven 55 minute periods per week 
for a 54 week (one and one half year) course. With all kinds of variations in local schedule 3 
requirements it is not possible to make precise recommendations. Two rough schedules 
are suggested. One schedule is for a relative time division which is consistent with cov- 
ering the entire course in one year. The longer schedule is included to suggest the parts 
of the course that might be expanded most profitably if time is more plentiful. Each tea- 
cher must wrestle with the suggested emphasis and his own teaching calendar. 


The suggested schedules do not include the ten to fifteen days which some teachers 
will use for giving and discussing tests. Neither do they provide for the days your class 
is cancelled or your period is shortened for other events! 


It will be noted that the shorter schedule provides for about 6 1/2 weeks on Part I, 


and 9 weeks on each of the other Parts. This totals to fewer weeks than are provided by 


many school terms. This was done to make room for some of the interruptions that fre- 
quently eat into class time, testing, and the inevitability of some slippage in keeping 
to a schedule. 


Adhering to such a schedule will be especially difficult in Part I. However, most 
teachers who have taught the course and come to the end of the year with insufficient 
time to cover the latter parts of the course, report that the next time through, they will 


try to spend less time on Part I. 


Part I, as well as introducing some of the key ideas that will be used and reused 
throughout the course, marks out the broad domain of physics. With its scope, it could 
easily be the subject of a half year of study. However, it is not intended that Part Ibe 
elaborated extensively. While you will want to seek quantitative facility at some points 
(the Guide will make suggestions), at many other points it will be desirable simply to 
get the ideas implanted through making them reasonable, letting them mature through 
reuse in later Parts. Beyond this, some of Part I, while having quantitative underpin- 
ing, can be treated qualitatively in a secondary school course. A first year teacher, 
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especially, will do well to keep his schedule as close to suggested schedules as is con- 
sistent with his own and his students' satisfaction with the class rate of progress and 
depth of understanding. Enough teachers have taught the course to make it clear that 
these factors vary widely from one class to another, and that they can be influenced 
strongly by the teacher. 


Suggested Schedules for the Course 


Principal Subject Relevant Text 36-week 54-week 
Schedule Schedule 
(weeks) (weeks) 
Time, Space, Functions Part I, Chaps. 1-4 2-5 3 
Kinematics Part I, Chaps. 5-6 2.5 3 
Matter Part I, Chaps. 7-10 1-5 4 
KUNDE ͤ—w ANE ̃ . TORRE TEST ENS 
Total Part I 6.5 10 
Geometrical Optics Part IL, Chaps. 11-15 4.5 7 
Waves Part II, Chaps. 16-19 4. 5 7 
TTT!!! ———— UNE 
Total Part II 9 14 
JJ T 
Motion and Gravitation Part III, Chaps. 20-22 ao 6.5 
Momentum Part IH, Chap. 23 2 3 
Energy Part III, Chaps. 24-26 3.5 5.5 


S E E oem Uh LC, T 
a — ui 


Total Part III 9 B5 
JJ TTT 
Electricity and Magnetism Part IV, Chaps. 27-31 4 
Atomie Structure Part IV, Chaps. 32-34 5 7 

Total Part IV 9 
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INTRODUCTION TO PART I 


Part I is a general introduction to the fundamental physical ideas of time, space and 
matter. At this introductory stage, these ideas are not pursued deeply, but we are con- 
cerned that students begin to understand the process of physical inquiry. They should 
learn not just the results of measurement (these can be looked up when the occasion re- 
quires), but how measurement, associated instrumentation and mathematical tools extend 
our ability to comprehend the physical world. For this purpose, while the laboratory 
associated with Part Iis easy, it is of great importance. This emphasis also character- 
izes the films for Part I. This theme does not require frequent iteration, but the under- 
standing and satisfaction students get from the start in seeing how physics grows will go 
a long way in advancing your search for understanding rather than just learning the 
facts’’. 


Chapters 1-4 deal with the range of magnitudes of intervals of time and distance and 
how these intervals are measured. Appropriate mathematical tools are introduced. 


Chapters 5-6 present, in kinematics, a more detailed study of time and space measure- 
ment. These chapters will require slower and more detailed study than the earlier chap- 
ters. 


In the PSSC course, kinematics, the study of motion apart from its causes, is separ- 
ated from dynamics, which includes the forces causing motion. Dynamics is the basis 
of Part III. This separation was made because kinematics fits naturally into a consider- 
ation of space and time measurement, to provide time for the kinematical ideas to mature 
before being used again in Part III, and to break up a rather long sequence of somewhat 
formal subject matter if kinematics and dynamics are studied sequentially. The work on 
kinematics will be reviewed naturally in the introductory work on dynamics. 


Chapters 7-10 complete a preliminary examination of the range and nature of physics 
by considering various aspects of matter. Mass is introduced and its conservation is dis- 
cussed. Evidence for the existence and sizes of atoms is examined. The arrangement of 
atoms in various states of matter leads to the idea of a physical model in the molecular 
interpretation of a gas. These subjects are not explored deeply because some of the tools 
for a more quantitative approach are not available at this stage. Quantitative treatments 
are presented in the latter sections of Parts III and IV. 


Part I, through a broad view of the universe, is intended to help the student see that 
physics is a unified subject, not a collection of seemingly unrelated fields of study. The 
emphasis in the text, laboratory and films on the role of experiment should help the stu- 
dent see something of the unfinished and continuing nature of a science and that science 
does not ‘‘just exist“; it is the result of the imaginative work of men and women. 


SCHEDULING PART I 

Part I contains a wealth of interesting material. Most classes will not be able to cover 
all ten chapters in detail during a one-year course. You will want to seek quantitative 
facility with the ideas of Chapters 5 and 6: You will be able to adjust your depth of cov- 
erage of the other chapters (especially Chapters 1-10) to suit your class and schedule 
requirements. 


The minimum class time required for various chapters of Part I will vary considerably 
from one class to another, depending chiefly on the nature of students’ previous work in 
science and mathematics, and generally cannot be judged by the number of text pages 
given to the various subjects. 


I 
Two possible schedules for Part I are suggested in the table below. The six and one 
half week schedule is a good target for a one-year course and is consistent with the earlier 
suggestions for a one-year schedule for the course. The ten-week schedule provides for 
a more detailed treatment of the later chapters. The chapter summaries indicate sections 
which can be deemphasized or skipped in class discussion without loss of continuity. 
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Chapter 1 - What is Physics? 


Chapter 1 is an introductory chapter, intended primarily as a reading assignment. 
It broadly sketches the province of physics in the general scientific world and the nature 
of physical investigation. 


It is important to recognize that this introductory chapter is intended simply as 
qualitative background reading. It is not meant to provide a base for extensive class 
development. Detailed discussion of some of the experiments and instruments mention- 
ed here would be either hopelessly superficial or over the heads of many students. 


press for immediate discussion of many of the topics alluded to in the text and figures. 
Such discussions are not to the immediate point, and easily can demoralize beginning 
students. 


CHAPTER SUMMARY 

Chapter 1 introduces students to the nature and scope of physics. The chapter out- 
lines the relationship of physics to other Sciences, discusses the relationship between 
science and technology, considers briefly the range of instruments and machines used 
to extend the senses and to create the special situations one wants to study, and reminds 
us that physics is built by people, generally by the coordinated efforts of many people. 


The chapter introduces several of the themes that are exemplified in the structure of 
the course: Physics is more than a coldly factual summary of our knowledge of the phys- 
ical world-it is human activity in which man' s ideas about the physical world are con- 
stantly refined through checking against experiment and observation. Measurement re- 
liability and the role of instrumentation are also introduced. Such ideas do not need to 
be hammered at this point. As the course develops you will have many-opportunities to 
develop them out of concrete illustrations. 


SCHEDULING CHAPTER 1 j 
For instructional purposes the entire chapter can be treated as a unit. The chapter 


should be treated briefly. Primarily it should be an outside reading assignment. No 
class time need be devoted specifically to this chapter if you are on a short schedule. 
If you have the time, one or two days may be used for general discussions based on the 
chapter (see later suggestions for class discussion). 


Some of the terms and figures in this chapter can send class discussion far afield 
unless it is limited to introductory ideas (see suggestions under CLASS DISCUSSION and 
COMMENT on pages 1-2 and 1-3). Students should be assured that they are not expected 
to understand all the terms jn the text and figures of this chapter. Avoiding a quiz on 
the content of this chapter will contribute to putting the chapter in proper perspective. 


RELATED MATERIALS FOR CHAPTER 1 
There are no problems at the end of this chapter. A film is being prepared for use as 
an introduction to the PSSC course but it will not be available for class use in 1960-61. 


Section 1 - Physics and the Other Sciences of Nature 
Section 2 - Physics and Engineering 

Section 3 - The Tools of Physics 

Section 4 - Who Builds Physics? 


PURPOSE Introduction to the general nature of physics. 


EMPHASIS Treat briefly. Can be handled entirely as a reading assignment. A single 
period may be devoted to à general class discussion if desired. A possible topic for 


discussion is described below. 
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CLASS DISCUSSION 1. Ask students to name devices which extend or sharpen the 
senses. This part is easy: ‘‘Microscope, telescope, laboratory balance, etc. 


Next ask for devices which respond to phenomena which cannot be detected with the 
senses. Some students will not be able to think of examples. Other students will propose 
incorrectly devices of extreme sensitivity which still only extend existing senses, for 
example: the seismograph’’. (Since it responds to extremely minute mechanical vi- 
brations in the earth it is just a very good **extender".) The first successful suggestion 
may be an esoteric one. In one class the first was “the radio-telescope’’; then hands 
went up all over the room to suggest the radio". The most elegant one: the compass 
Be prepared for some surprises. 


You ean consider briefly the general relationship between science and technology in 
the development of some of these devices. 


2. Ask students to outline a possible chain of events linking two observations. Start 
simply, perhaps with the two observations: 


1. A man steps on a pedal. 2. A car stops. 


As the chains“ are built, what further questions suggest themselves as requiring an 
answer if the chains“ are to be accepted or understood thoroughly? 


You ean work up to complicated situations which can provide a challenge to your 
Students' imagination. You may want to have students suggest some pairs of events. 


The purpose of such a discussion is twofold: (1) To give the students some feeling 
for the way a scientist uses his background and intuition in trying to hypothesize a rea- 
sonable chain of events connecting observations. (Such a hypothesis would then need to 
be checked experimentally.) (2) To show that hypotheses and discoveries lead to new 


questions. 


CAUTION Some students may consider the italics used with such words as Astronomy, 
Geology and Meterology as a clue for memorization. Discourage this. Be careful in 
your exams not to stress such matters. In this chapter, the “definitions” given are 
easy-going introductions and are not intended as complete characterizatons. 


COMMENT To many laymen, there is little distinction between what is Science and 
what is technology. Indeed, if these terms are to be distinguished (and most scientists 
would agree that they represent quite different activities), the distinction probably 
should be on the basis of the specific aims of a particular investigation, rather than 

on the instrumentation used, the difficulty of the task, or the training and experience 
of the investigator. 


Science is directed toward a new understanding of relations in the physical world 
quite apart from how this understanding may affect the world. Technology, in contrast 
is directed toward a useful and hopefully beneficial end result. In this sense the per- À 
Son who investigates the propagation of electromagnetic waves in various media, as an 
exercise in the solution of boundary-value problems, is a scientist, while another per- 
son, who may perform almost identical calculations but who is primarily interested in 
the design of a radar set for aircarft detection, is a technologist. 


The distinction between these two kinds of human endeavor is frequently fuzzy, and 
certainly not highly important. Each depends upon and nurtures the other. The scien- 
tist, in his quest for understanding of physical relationships, may develop an' idea or 
device of great technological importance. 'The transistor, a device of great practical 
Significance, was discovered almost by accident by scientists investigating the surface 
properties of semiconductors. Similarly, instruments developed by technologists for 
specific ends often furnish the necessary tools for major Scientific advances. What 
starts out to be science may become technology and vice versa. 


* X * 
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| The figures in Chapter 1 illustrate some of the points in the text in a qualitative way, 
and are not intended as springboards for launching into discussions of complicated sci- 

| entific experiments. Figure 4, for example, is simply to illustrate that scientific dis- 

| covery (in this case the discovery of radioactivity) may often be made with very simple 

equipment. Figures 5 and 6 in contrast, show that some scientific tools are extremely 

| complicated. Students may be intrigued by the fact that the enormous machine shown 

in Figure 5 is needed to observe a few of the characteristics of the behavior of sub- 

microscopic particles. : 


Again, Figures 6 (8) and 6 (b) illustrate that complicated tools are sometimes used 
to provide information about simple interactions that cannot otherwise be seen. In 
Figure 6 (a), the bubble chamber (a device for detecting atomic particles, which is dis- 
cussed in Chapter 7) is located inside a magnet, about halfway up on the right of the 


figure. 


Figure 6 (b) may raise a number of questions: ‘‘Why the spiral?’’, Does it spiral 
in or out?, Why the little spirals?’’, Is this a real photo or was the spiral drawn 
in?”, etc. Extensive discussion of this figure is not to the point. If students ask, this 
is a real photo, nota fake. The particle spirals in as it loses energy and follows a 
curved path because of a magnetic field perpendicular to the direction of motion. The 
little spirals are caused by secondary low-energy particles which the primary particle 
knocks out of other atoms as it goes by. Only charged particles leave trails in bubble 
chambers. The trails are caused by tiny bubbles condensing on the ionized particles 
left in the wake of the moving charged particle. 


* * * 


Some students may be interested in some of the facts regarding physics as a pro- 
fession. In this country there are about 20, 000 practicing physicists. They are largely 
employed in industry (about 1/2), colleges and universities (about 1/3) and Government, 
private foundations and other non-profit organizations (about 1/6). 4 


Like other Americans, most physicists marry, have children and belong to PTA’ s; 
some play golf and bridge and watch westerns on TV. Economically they are at about . 
the same level as any university professor. Opportunities in the profession are es- 
sentially unlimited, without regard to race, religion or sex. 


Physies is by no means restricted to people with a Ph. D. degree. There are many 
opportunities, particularly in industry and teaching, for persons with the broad scien- 
tific background afforded by 2 four-year bachelor's degree program in physics. In 
recent years, there has been an increasing trend for many college students who plan to 
enter engineering as a profession to take an undergraduate degree in physics. This 
broad scientific training, far from inhibiting their specialization in a single field of 
engineering, appears (at least in the important eyes of employers) to make physics 
graduates desirable in most fields of engineering. 
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Chapter 2 - Time and Measurement 


The opening sections of this chapter serve as an introduction not only to the measure- 
ment of time, but to one of the fundamental problems of physics (and of the teaching of 
physics): that of going beyond our familiar senses and experiences to develop an orderly 
picture of the physical world-a world whose aspects are often too big, too small, too fast, 
too slow, too complex, or too far away to comprehend directly through the senses. 


Chapter 2 divides naturally into three parts: 1) an introductory discussion of the idea 
of measurement and its relation to the senses, and which identifies time as a physical var- 
lable: 2) a quantitative discussion of measuring time intervals by multiple-flash and strob- 
oscopic techniques; and 3) a reminder that time, measurement entails counting arbitrary 
units in an interval, and the introduction of power of ten notation and the concept of order 
of magnitude which leads to a discussion of the range of time intervals encountered in 
physics. 


The qualitative material of this chapter can be covered quickly. Even the quantitative 
methods for measuring time intervals, can be covered quite rapidly. Many of the topics 
mentioned in the text, e.g., the range of time intervals, the direction of time, counting 
units, etc. should be treated as background information. Power of ten notation will be 
used throughout the text, and, if unfamiliar to students, should be stressed. Order of 
magnitude calculations are useful, but they are often difficult for beginners and should 
not be unduly emphasized at this point. Facility will come with practice on problems 
through the rest of the course. 


Part 1 of the course is concerned with our fundamental ideas of time and space (and 
their combination in motion) and matter. In the organization of the course we could, per- 
haps, have started with space instead of time. The principal reason for beginning with 
time is one of simplicity: the description of space requires three dimensions, while time 
requires only one. 


CHAPTER SUMMARY 
Sections 1 through 3 These sections are introductory, and relate the measurement of 


time to the senses of the observer. Instruments are seen to be simply extensions of direct 
sensory perception. It is noted that all measurements involve detection of differences. 


Sections 4 and 5 These sections deal with quantitative measurement of time intervals 
by multiple-flash and stroboscopic techniques for observing successive positions of physi- 
cal systems. 


Sections 6 through 8 We note that time intervals are measured in terms of arbitrary 
units. Power of ten notation is introduced as a convenient shorthand for handling very 
large and very small numbers of units. The idea of the order of magnitude of a physical 
quantity is introduced as the specification of the nearest power of ten of the units in which 
the quantity is measured. The chapter concludes with the observation that time has a 
**natural'' forward direction. 


SCHEDULING CHAPTER 2 

The entire chapter can be given as a single reading assignment prior to class dis- 
cussion. Experiment I-1 should be used prior to class discussion of Sections 4 and 5 to 
clarify that discussion. Class discussions can be developed around the films described 
below. Some problems relating to Sections 4, 5, and 7 should be discussed in class and 


assigned as homework. 


The following table suggests possible schedules for this chapter, consistent with the 
schedules outlined in the summary section for Part 1. Sections which are enclosed by 
brackets [] can be deemphasized or skipped in class discussion without loss of continuity. 
Even though these sections may be deemphasized in class, they should be assigned for 
home reading. s 


6-week schedule 
for Part 1 


RELATED MATERIALS FOR CHAPTER 2 


Laboratory. Experiment I-1 - Short Time Intervals. This experiment employs the 
— e n and the paper-tape timer. Beyond their utility at this point for measur- 
ing short time intervals and introducing students to some of the problems of instrumenta- 
tion, both these devices will be used extensively in later laboratory work. Hence, students 
should become familiar with the operation and characteristics of these devices as measur- 
ing instruments. For answers to questions in the students' Laboratory Guide and for sug- 
gestions on conducting the experiment, see the yellow pages on Experiment I-1. 


mens Desk and Lab. The following table classifies problems according to their esti- 
leve culty and the sections to which they relate. Those which are especially 
suited to class discussion and those which are home projects are indicated. Problems 


which are particularly recommended are marked with an asterisk (*). Answers to problems 
are given in the green pages: short answers on page 2-9; detailed comments and solutions 


on page 2-10 to 2-16. ; 
Home Projects 


Films. ‘‘Short Time Intervals” by Campbell L. Searle of the Massac 
of Technology. This film shows techniques and applications of Perro mm iren. 
tervals (a few seconds to a few microseconds) through a series of demonstrations: mo- 
tion, still, and open-shutter moving-camera pictures of lightning flashes; moving pen 
recording distance against time; camera on turntable Sweeping a neon tube 4 3 mea- 
surement of the frequency of the light pulses from the tube; analysis of lightning flashes; 
oscilloscopic analysis of motion of a gear wheel with a high-speed stroboscopic light s 


source. The film concludes with a summary pointing out 
have extended man' s senses. » how these and other techniques 


„Time and Clocks” by John G. King of the Massachusetts 
This film demonstrates various methods of measuring time ET ge EY 


-21 - 
10 seconds: mechanical clocks, high speed photography 
cathode-ray oscilloscope, and atomic clock. (movie and multiple-flash), 


„Long Time Intervals” by Harrison Brown of the Calif. 
rosa Mon wih quce ria d ne NOI, 


granite for the extraction of zircon to test for lead 206 are discussed. 


Any or all of these films can be used profitably. If they are all used, the order in 
which they are described above is probably the most natural. If it can be arranged, it 
probably is wise to complete the laboratory experiment 1-1 before using “Short Time 
Intervals’ or Time and Clocks » 


Demonstrations If a good laboratory stroboscope is available it can be used in illus- 
trating the ideas in Section 5. However, demonstrations are not an adequate substitute 
for laboratory work on Experiment 11. 


Section 1 - The Starting Point--The Senses 
Section 2 - The Key Concepts of Physics; the Need to Extend the Senses 
Section 3 - Time and Its Sweep 


PURPOSE To specify what is meant by a measurement of “time”, in relation to the 
senses of the observer and to changes in the physical world. 


EMPHASIS This is introductory material which can be handled as a reading assignment. 
Detailed class discussion may be more confusing than helpful. Some of the ideas discuss- 
ed are rather profound, and they will be reiterated later in the course. Deep understand- 
ing is not needed at this point. 


COMMENT Compared to laboratory instruments, human senses are excellent for some 
measurements and rather crude for others. For example, we can discern small differ- 
ences in color or pitch amazingly well. On the other hand, it 1s extremely difficult for 
us to measure directly any event which occurs in an elapsed time of less than a tenth of a 
second or to measure a period greater than perhaps a day. Instruments extend our capa- 
bility of sensing time to the measurement of the wide range of time intervals with which 
physics is concerned. 


Our senses measure differences. We have no built-in method of establishing a quanti- 
tative measure of a single physical quantity. If two bowls of water are at slightly different 
temperatures, it is rather easy to tell which bowl is the warmer (providing the difference 
is not too small) but it is difficult for us to tell the temperature of either bowl at all close- 


ly. 

In these sections the student is introduced to what is meant by time in physics. When 
we speak of time we mean time intervals. Time intervals have meaning only in so far as 
we can observe changes which occur during those intervals. 


Phrases such as ‘‘a very short time“ and a very long time” clearly have only rela- 
tive meaning. Their significance comes only from a comparison of relative time intervals 
that are applicable to a particular system of physical events. A very short time in human 
experience, such as a millionth of a second, may be a very long time in the life of a radio- 
active nucleus. If we could open our eyes for only a few millionths of a second and ob- 
serve the clock on the wall, we would be hard put to decide whether it was running. We 
would see only an instant of its cycle. However, if we could open our eyes for the same 
interval at the instant an atomic bomb detonates, (assuming we had on suitably dark glass- 
es) we could observe nearly the entire life cycle of the device. To observe the life 
cycle” of the universe, we would have to watch for untold billions of years. 


Section 4 - Time Intervals, Long and Short; Multiple-Flash 
Section 5 - The Stroboscope 


PURPOSE To show how physical changes, occurring in time intervals which are longer 
and shorter than can be observed directly, can be measured through photographic and 
stroboscopic techniques. Periodic illumination, exposure, or viewing enable the mea- 
surement and analysis of motions that are too rapid or too slow to sense directly. 


EMPHASIS The concept of describing motion in terms of samples of position vs. time is 
important, and will be used — in Chapter 5. However, this is a natural concept 
and should give little trouble. The emphasis here should be on measuring time intervals 
not on the analysis of motion per se, and particularly not on the mechanics of complicated 
flash and stroboscopic apparatus. Beginning the development of these sections with a lab- 
oratory session on Experiment 1-1 will contribute both to general class discussions and to 
the meaning of the films you may use. 


The operation and calibration of the instruments used in Experiment I-1 should be 
understood. The stroboscope will be used for observation of periodic waves in Part 2. 
The paper tape timer will be used in laboratory work on kinematics and again in Part 3. 


DEVELOPMENT As indicated, after students have read the sections, Experiment I-1 is 
a good starting point. Students will learn much more about timing short intervals from 


performing this experiment than from class discussion which is not preeeded by the exper- 
iment. 


The films ‘‘Short Time Intervals”, Time and Clocks“, and “Long Time Intervals” 
are appropriate at this point. 


In class discussion subsequent to the laboratory, considering the following situations 
may help you ensure students have understood the operation of the stroboscope: 


Imagine you have a pointer which can turn at various constant speeds. In addition, 
you have a system for flashing on the room lights at various regular intervals. 


Case 1. The pointer turns at one revolution per second, and the lights flash on once 
per second. Since the pointer would appear to be in the same siti 
lights flashed on, it would appear stationary. EM he room 


Case 2. The pointer turns at two revolutions 
per second. Again, the pointer appears to be standing still, altho 
two full revolutions between light flashes. Extend this model to 
revolves three, four, five, etc., times per second. The stude: 
with this flashing rate the pointer will appear “stopped” when 
of revolutions per second. 


Case 3. The pointer turns at 50 revolutions per seco: and 
per second. The situation is like case 1, and the motion et: pisa m m b 
tending to case 2 and showing that the motion 1s also Stopped if the pointer rotates ae fre- 
quencies of 100, 150, 200, etc. times per second, that ig at any whole multiple of the 
rate of observation. (We usually say that the observation frequency is an exact sub-multi- 
ple of the rotation frequency. ) 


Case 4. The pointer turns 60 times per second and the li ; 
second. Notice that this is like case 3-the pointer appears modd ae 
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Case 5. Try the reverse of case 4-tbe pointer turns 30 times per second and tbe lights 
flash 60 times per second. If the first flash shows the pointer at 12 o' clock’, the second 
shows it at 6 o' clock”, the third at 12 o clock“, etc. The pointer appears to be sta- 

tionary at both ‘‘12 o' cl ” and '*6 . Thus we observe an absurd result, but one 
which we can easily interpret it is absurd. If the flashing rate is greater 


turning : 
"lue for how to adjust the flashing rate to be the same as the turning rate, To adjust the 

rate to equal the turning rate, we go to the maximum flashing rate where a sene" 
ible stopped“ pattern is observed. 
COMMENT In discussing the stroboscope, emphasize its use as a tool for measuring 
short periods. It is probably best to avold extended discussion of the familiar strobo- 
scopic effect“, the apparent slow forward or backward motion of a rapidly moving body 
when viewed at a period slightly different from the natural period. The point to make is 
"f te motion will appear stopped when the viewing rate is any integral sub-multiple of 
the period of the motion, and that the period may be measured by observing the maximum 
viewing rate at which the motion appears stopped. 


[If students persist in discussion of the stroboscopic effect, this is a good problem to 
have them consider at home, preferably by doing home experiments. If the viewing fre- 
quency, * is slightly less than the frequency of motion, tm · the object will appear to be 


moving forward at a frequency f, - f,; if f, is slightly greater than fi, the object will 
appear to be moving backward at a frequency f, im-! 


Section 6 - Comparing Times; Counting Units 
CONTENT a. Counting is the basis of physical measurement. 
b. The choice of a standard unit of time is arbitrary. 


EMPHASIS Students should understand this section, but a moderately brief treatment 
should suffice. The section can be treated simply as a reading assignment. 


COMMENT Students should realize that the fundamental operation in making most mea- 
surements is counting. When someone says that a room is 20 feet long, he means that 

a standard foot rule can be laid end to end and fitted into an edge of the room a total of 
20 times. 


With time, we can't get a standard second back again to measure off a time interval. 
We need a clock to keep on turning out standard seconds for us to count. But how do we 
know each one-second interval is like any other? This problem involves us in calibration 
procedures. Any timing device must be calibrated by comparing the standard intervals 
it generates with those generated by some other independent device. 1f the two devices 
agree, we may be satisfied. If they disagree, we must compare each of them with a third 
device. Our standard second is measured in terms of a particular device in which we 
have great confidence because of its agreement with more other independent devices than 
any other kind of clock. Quartz crystal oscillators, such as used by the National Bureau 
of Standards to generate time and frequency signals which are broadcast over radio sta- 
tion WWV (operates at 2.5, 5, 7.5, 10, 15, and 20 megacycles on the short-wave bands) 
are reasonably reliable standards, but considerably inferior to the modern atomic clock. 
At present, our primary standard of time is still based on measurement of the period of 
rotation of the earth. 

Students should also realize that most of our standard units were arbitrarily chosen. 


They do not occur in nature. In many cases, they were probably chosen for convenience. 
There is nothing terribly special about measuring time in seconds, instead of some other 


unit we might invent. 
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d 
interesting class discussion which emphasizes the arbitrariness of time units (an 
Neo toward the problem of standards which is considered in the next NE can o 
developed around the invention of a new time unit. You might call it the auge c - 
(or some other name based on your school’s name). Suppose one augenblick PUN ; 
say, 15.2 seconds. Have each student compute his age in augenblicks. (1 or mite 
accuracy is sufficient and is good preparation for the next section.) Now you are i E. 
position to make an important point. Probably everyone in your class would agree i 
would be extremely difficult to work with the augenblick as a unit of time. But suppose 
there was a country in which the augenblick was a standard unit with which children were 
completely familiar. Suppose that in their high school physics class their teacher pro- 
posed inventing a new unit of time, the second“, which is 1/15. 2 of an augenblick. Such 
an imaginary class would readily agree that the second would be a difficult unit to work 
with. Whatever units you are accustomed to, seem to be the easiest ones. In particular, 
a new unit seems difficult if you must always convert your measurements back to a famil- 
lar unit. A discussion such as this can give students a little background for some of the 
problems they often encounter in beginning to use the metric system (introduced in the 
next chapter). 

If you use a discussion like the above you can lead toward the problems of standards 
and the arbitrariness of unite (next chapter) by pointing out that although standard units 
are arbitrary, if people are to understand each other, they must agree on a definition. 
This is one of the reasons that a bureau of standards is required in every country. 


Section 7 - Times Large and small Orders of Magnitude 


PURPOSE To indicate the enormous range of time intervals which can be apprehended 
with the aid of instruments, and to introduce power of ten notation. 


EMPHASIS Many students may already be familiar with power of ten notation. If so, this 
Bection may be treated briefly. Even if this notation is new to your students, intensive 
practice i8 not needed at this point since the notation will be used frequently throughout 
the course, and will become familiar through use. Similarly, order of magnitude calcu- 
lations should not be stressed beyond what is called for in the solution of problems at the 
end of the chapter. Facility will be achieved more rapidly through use in laboratory and 
in a variety of real problems rather than drill on contrived exercises. 


DEVELOPMENT As a starter“ for class discussion of power of ten notation and order 


of magnitude calculations, you might give the class the following quiz to be completed in 
five minutes: 


Estimate to the nearest power of ten (that is, find the order of magnitude of) the 
number of ping-pong balls that it would take to fill completely this classroom. Do 


not make any measurements or leave your seat until you have completed your esti- 
mates. 


Students are likely to complain, We don’t know the dimensions of the room!” How big 
is a ping-pong ball?” Most students will work in the English system and carry out elab- 
orate computations. In classes in which this has been tried, less than a third of the class 


arrived at a satisfactory answer, and most of these did too much computation. But they 
were ready to learn something about estimation. 


After the quiz, show them how to rough out such an estimate. Ask a student how long 
the room is. A likely reply is, ‘I don't know”. In answer to further questions he may 
even claim that he has no idea how long the room is. This is a notion that must be dis- 
pelled. Ask him if the room is more than an inch long! The fact that this is a joke indi- 
cates that he knows a great deal about the length of the room. Is it à mile long (another 
joke)? Thus we know that the length of the room is more than an inch and less than a 
mile. We know a lot! Can we do better than that? For most classrooms, students will 
be able to agree that the length is more than 10 and less than 100 feet long. A typical 
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classroom might be about 30 feet long, 20 feet wide, and 12 feet high. It is not important, 
in making an order of magnitude estimate, whether the room is 20 feet or 25 feet in width. 
The order of magnitude of the volume of most classrooms will be between 10° and 10* 
cubic feet. 


Similarly, while students may not know the precise dimensions of a ping-pong ball, 
they will probably concede that it would take nearer 10 balls in a row to make up 4 foot 


than 1 or 100. Thus we can estimate that a cubic foot would contain about 10° ping-pong 
balls. The entire room would then hold between 10° and 107 ping-pong balls. 


As a check that the class is getting the idea, you might repeat the quiz on the next day, 
this time asking how many basketballs would be required to fill the school building. 


COMMENTS Table 1 is intended to stimulate reflection, not memorization. It is meant 
only to give students a feeling for the range of time intervals we are able to sense with 
the help of physical instruments. 


A question which frequently arises in discussions of order of magnitude calculations 
is where to draw a dividing line between two adjacent powers of ten. While this is not a 
matter of great importance, the dividing line is ordinarily taken to be the square root of 
10. Thus numbers less than 3.16 but greater than 0. 316 would be of order of magnitude 
1, numbers between 3. 16 and 31.6 would be of order of magnitude 10, etc. If the dis- 


tinction between numbers like 300 (order of magnitude 10”) and 400 (order of magnitude 
10°) is important in determining an answer, it is best simply to refine the calculation to 
carry one significant figure in addition to the order of magnitude (l.e., 3 X 102). With 


order of magnitude estimations we are simply trying to get ‘‘in the right ballpark” and 
we are not troubled by knowing that we may be off by a factor of 10 either way. 


Section 8 - The Direction of Time 


PURPOSE From the observation of our senses, it seems to us that time has a natural“ 
forward direction. 


EMPHASIS Treat briefly, as a reading assignment. 


COMMENTS - We always like to talk about the “‘relentless march of time”, and it is fun 
to look at moving pictures which are running backwards or running speeded up. From 
such familiar experiences we generally tend to think of time as having a natural“ for- 
ward direction and a natural“ rate. Any natural direction or rate of time is meaningful 
only in terms of extremely complicated situations which occur during such periods. 


Whether or not time has a natural“ direction in a fundamental sense is a matter of 
considerable scientific interest, but beyond the scope of the present course. In order to 
avoid probably extended and most certainly fruitless class discussion at this level, treat 
this present section quite briefly. For some of the best students, there have been inter- 


esting articles about time reversal'' in the Scientific American. t 
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1. John M. Blatt, Time Reversal“, Scientific American (New York: Scientific 
American, Inc.), Vol. 195, No. 2 (August, 1956), pp. 107- 114. 


„Letters“ (number 3) Scientific American (New York: Scientific American, Inc.), 
Vol. 196, No. 2 (February, 1957), p. 10. 


Chapter 2 - Time and Measurement 
For Home, Desk and Lab — Answers to Problems 


The following table classifies problems according to their estimated level of dif- 
ficulty and the sections to which they relate. Those which are especially suited to 
class discussion and those which are home projects are indicated. Problems which 
are particularly recommended are marked with an asterisk (*). 


Answers to all probl 
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See discussion on page 2-10. 
See discussion on page 2-10. 
See discussion on page 2-11. 
A home project. 


ems which call for a numerical or short answer are given 
following the table. Detailed solutions are given on pages 2-10 to 2-16. 


A home project. See discussion on page 2-11. 
A home project. See discussion on page 2-12. 


3600 flashes/sec. 
0.003 sec. 

Friend is correct. 
5 min. 

(a) 140 ft. 

(b) 2.4 X 10 9 sec. 
80 times. 


(a) 8, 16, 24, 32, 40, 48,.. 
(by 32, 64, 96,.. ..etc. revo 


0.42 sec. 

A home project. 
(a) 10* life spans. 
(b) 1019 times. 


(ay 1.76 x 109 % 108 


..ete. revolutions/sec. 
lutions/ sec. 


to 


-10 


1 
(b) $7.1x10!9* $10 


(c) 84 * 102 * $10° 

18. (a) 10}? miles in 1 year. 
(b) 10? sec. 

19. (a) 1.66 x10! 
(b 5x 10? 


(c) 3.52 * 10˙8 


20. (a) 109 ticks/day. 
(b) 10° ticks/yr. 


21. 1.6 X 10? 
SOLUTIONS AND COMMENTS 


PROBLEM 1 


Compare the apparent heights of columns 1, 2, 
and 3 in Fig. 2-9. What is the actual relation- 
Ship of heights? Did you use a device to check 
up on your senses? 


To most people the columns to the right seem progressively taller because the 
background of converging lines suggests they are further away. In a perspective 
drawing, the columns to the right should be progressively ‘‘smaller’’ if they are to 
appear to be the same size. 


If you discuss this problem it may be well to point out that there are several 
different ways to check up on the actual heights. Some students will think only of a 
ruler. But units are not important here, only a comparison. One could mark the 
height of one column on the edge of a Scrap of paper and compare this length with the 
other heights. From the tip of the thumb to a handy wrinkle in the knuckle might 
provide another quick measure. The straight edges of sheets of paper could be laid 
along the tops and bottoms of the columns, then estimate whether the paper edges are 


parallel. For comparative measures that need to be more precise, a pair of dividers 
is handy. 


PROBLEM 2 Check your time sense by trying to estimate when 
an interval of 4, 1, or 3 minutes has elapsed. 
(a) Record your error in each case, 
(b) Are the errors appreciably different frac- 
tions of the time intervals involved? 


This problem can be handled nicely by students working in pairs. Expressing the 
errors as per cents of the various intervals will facilitate comparison of the errors for 
intervals of different lengths. $ 


PROBLEM 3 


This method is almost sure to increase the reliability 
measurement. The same person repeating a measurement wi 
likely to come out with a similar result. 
practice may be required to get a rhythm 


PROBLEM 4 


Students who are on their toes may immediate], 


Since it is difficult to see a watch in a photographic 
darkroom, some photographers have learned to 
measure time in seconds by counting at their 
normal conversational rate but interspersing a 
long word between numbers, as “Mississippi one, 
Mississippi two, Mississippi three . . ." Try this 
method and compare its accuracy with that of 
Question 2. 


Make a pendulum from a piece of string and a 
small weight. Adjust the length until it takes one 
second to make a complete swing to and fro. 
How great is the error of your pendulum over a 
one-minute period? What fraction of the total 
time is the error? 


time interval for a number of swings instead of only one. 


equipment the student should get the 


extremely low point. 


PROBLEM 5 


A project for a homemade timepiece. Galileo 

formed some of the first important experiments 
with the motion of falling bodies before the days 
of accurate clocks. To measure the short time 
intervals involved in his experiments, he used a 
simple clock that you can make for yourself. In 
the bottom of a tin can, punch a small hole with 
a nail, Keep the can nearly full of water and 
measure the amount of water that falls out in 10, 
20, and 30 seconds. In this way you can learn 
to read the clock in seconds. 

What are the major sources of error in this 
device? Can you reduce the errors? Remember 
Galileo used a clock like this in discovering some 
of the major principles of physics. (See “Two 
New Sciences” by Galileo.) 


(reproducibility) of a time 
th the same method is 
Increased accuracy is also likely but a little 


that closely approximates seconds. 


y see the advantage of checking a 
Even with relatively crude 
feeling that it is possible to reduce the error to an 
Pendulums are used in clocks for a purpose! 
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In this project, the amount of water can be measured either by weight or by volume. 


For example, the stream of 
measured, then poured into a graduate 


The major sources of error in such a device wo 
and off at the correct instants, 
if the level of water in the ‘‘cloc 
should be able to think of ways to improve both factors. An overflow device which 
would permit a continuous input and a cons 


turning the device on 
pressure differences 


ment. 


water can be caught in a container dur 
d cylinder for measurement of its volume. 


uld include possible awkwardness in 
and variation in rate of flow with 
k” is allowed to vary. Students 


ing the interval to be 


tant level of water is one possible improve- 
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6 Galileo, in observing the swinging of a cathedral 
ee lamp, “found that — same number of his pulse 
beats marked each swing regardless of the dis- 
tance the lamp traveled during each swing.” 
Check on the correctness of this statement by 
constructing and timing a simple pendulum. If 
you find difficulty in counting your pulse beats 
and pendulum swings at the same time, try work- 
ing with a partner or using a watch (which Galileo 
did not have available). 


This project will clearly show that the period of a pendulum is independent of the 
amplitude of its swing. (It is independent at relatively small amplitudes. At large 
amplitudes, the period is greater than for small amplitudes.) k 


PROBLEM 7 How many times per second should a light flash 
to show images 10 inches apart of a projectile 
traveling 1000 yards per second? 


Since 1000 yards = 36,000 inches, the speed iš 36, 000 inches/sec. We want the 
light to flash every 10 inches of the projectile’ s trip. In 1 sec,the number of times 
the projectile will travel 10 in. (the number of flashes/sec required) is 


36, 000 in/sec 


MECY YU oe flashes/sec. 


A light flashing 3600 times/second would show images 10 inches apart. 


PROBLEM 8 A study of the entire series of pictures of which the 
strip in Fig. 2-3 is only a part would show that the 
balloon was completely deflated 12 frames after 
the bullet entered it. What period of time does 


this represent? 


The interval between frames is 1/4000th second. If the balloon is completely de- 
flated 12 frames after the frame which shows the bullet entering the balloon, the time 
required for deflation is 12 X 1/4000 = 0.003 sec. 


PROBLEM 9 A student has a movie projector which shows 
pictures at the rate of 16 frames per second, His 
movie camera can take pictures at various 
. He wishes to take pictures of a football 
game so that the action will be slowed down to 
i normal speed when projected. He wants to 
set the speed of the movie camera at 8 frames z 
second but his friend insists he should set 
it at 32 frames per second. Whois correct? Why? 


The friend is correct. The camera must run faster than the projector. When the 
camera takes pictures 1/32 second apart in time, the changes in position of the players 


are half as great as in 1/16 sec. Thus, when these same pictures are shown 1/16 sec 
apart, the speed of motion is cut in half. 


Some students may understand this situation better through an alternative way of 
looking at it. At 16 frames per second, three seconds of action on the football field 
will result in 3 x 16 = 48 frames, which projected at 16 frames per second will show 
this action taking place in three seconds. If taken at 32 frames per second, the three 
seconds of m hoe 8 y i 3 X 32 = 96 frames. If these 96 frames are 
projected at the normal 16 frames/sec rate, the original thre 
edades Paco gin e seconds of action will 
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PROBLEM 10 In time-lapse photography, plants and their blos- 


soms may be seen to develop at a rate comparable 
to that of the motion of animals. If the total 


growth of a plant which would require 50 days 
is to be shown on a 10-minute film, what interval 
should — between the successive pictures? 
(Assume t t the film is to be shown at 24 
frames/sec.) 


Dividing the total growth time by the number of frames in a 10 min film will give 
the required interval between successive pictures. 


growth time in min _ _50 days X 24 hrs/day X60 min/hr _ 
frames in 10 min film 24 frames/sec X 60 sec/min X 10 min = 5 min/frame 
A picture should be taken every 5 min. 


PROBLEM 11 The shutter speed of a camera is y of a second. 
How far would a rifle bullet travel while a student 
attempts to take its picture with a g-second 
exposure? (The bullet’s speed is 3500 ft per 
sec. What shutter speed would be necessary to 
limit the bullet's movement to 0.1 inch during the 
exposure? 


a) In 5 sec, the bullet travels 3500 ft/sec X3s sec = 140 ft. 
b) 3500 ft/sec = 12 X 3500 inches/sec = 42, 000 in/sec. 


8. mo c -6 
Thus the bullet travels .1 inch in 72, 000 in/sec 2.4X10 sec. 


PROBLEM 12 A 10-slit stroboscope is rotated at a constant 
rate for 20 seconds to determine that a motor 
shaft takes jy sec to make one rotation. How 
many rotations does the stroboscope make? 


The stroboscope moves 1/10 of one revolution (from 1 slit to the next) during the 
1/40 sec in which the motor shaft rotates once. Then the speed of rotation of the 


stroboscope is = rotation + 5 sec = 4 rotations/sec. In 20 seconds, it rotates 
20 X 4 = 80 times. 


PROBLEM 13 A stroboscope disc with 4 openings must be ro- 
tated 80 times in 10 seconds to make a fan with 
four identical blades appear to stand still. What 
are the possible rates of motion of the fan? How 
would your answer be different if one of the blades 
was a different color from the others? 


This problem is a bit complicated and should not be assigned before a simpler 
development (such as described on pages 2-4 and 2-5 of the guide) has been done in class. 
The frequency of observation is 4 X 80/10 = 32 per second. For students who are 
overwhelmed with this problem, you can convert it into a somewhat easier problem 
by proposing a ‘‘one-bladed fan’? rather than a four-bladed fan. This is really the 
same problem as is given in the second part where one blade has a different color 

but may be a somewhat easier way for students to understand it. For such a fan to 
appear ''stopped'' it must make either one complete turn between observations or two 
complete turns or three complete turns, etc. Thus it would appear stopped at revolu- 
tion frequencies of 32, 64, 96, etc. Assuming that the four blades of the fan are 
identical and are arranged symmetrically on the shaft, the motion will appear ''stop "m, 
if the fan turns any integral number of 90* angles between observations. The lowest 
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possible rate of rotation of the fan is therefore 32/4 = 8 revolutions per second. Other 
possible rates are 16, 24, 32, 40, 48,....etc. 


There is a quibble here which some of your good students may bring up. When we 
say that a fan or other rotating object appears ''stopped'', we mean that we see an 
apparently stationary image---what we see looks the way the fan would look if it were 
Stopped (excepting dimness of the image and such details). There are observation 
frequencies that will cause a four-bladed fan to look like a stationary eight-bladed 
fan. We are not including such cases when we say that the fan appears stopped Of 
course, you can generate many problems by taking up such cases, but it is unlikely 
that students would learn enough extra to be worth the complexity. 


PROBLEM 14 A disc stroboscope contains 4 slits and is turned 
6 times in 10 seconds. What time interval can 
be measured by it? 


The time interval between the passage of two consecutive slits is 


This is the time interval that can be measured. 


PROBLEM 15 Use a stroboscope (see Laboratory Guide) to 
look ata phonograph turntable, a dripping faucet, 
a fluorescent lamp, a fan, a TV screen, a small 
weight tied to a string and whirled about some- 
one’s head, and a falling weight. For which of 
these motions can you measure the time interval? 


In this home project students should find that it is easy to measure stroboscopically 
the time interval for almost any repetitive phenomena. The falling weight is not in 
that category, but ingenious students may come up with ways to do it. 


PROBLEM 16 (a) How many human life spans have elapsed 
since earliest man? 
(b) Approximately how many times would an 
air molecule spin around its axis while the earth 
revolves once around the sun? See Table 1. 


aj From Table 1, a human life span is about 10? Seconds, and 1028 seconds have 
elapsed since earliest man. The number of life Spans elapsed since that time = 


1013/19? = 104 human life spans. 


b) An air molecule spins once in 10744 Seconds. The earth revolves around the 
7 
sun in 10 seconds. In a year, the number of times an air molecule would spin = 
T 4,712 19 
10 /10 = 10 ` times. 


* 


PROBLEM 17 (a) In 1959 the population of the United States 
was about 176,000,000. Express this number in 
powers-of-ten notation. What is the order of 
this magnitude? : 

(b) Express as a power of ten the budget of the 
Dated States for a year when it is 71 billion dol- 
ars, 

(c) Use the powers-of-ten notation to determine 
the average amount of the budget that must be 
paid by an individual citizen, 


a) 176,000, 000 = 1.76 X 108. The order of magnitude is 108. 


b) $71, 000,000,000 = $7.1 1010. The order of magnitude is $107} . 


c) Ifthe population is 1. 76 X 105 when the budget is $7.1 X 1010, then the average 


amount that must be paid by an individual is $7.1 X 101%. 76 * 108. The average 


payment per citizen is $4 X 102. The order of magnitude is $10". 


PROBLEM 18 Express only the order of magnitude of your 
answer to the following: 
(a) Light travels on the order of 10* miles each 
second. How far will light travel in a 
(b) Calculate the length of time it takes the light 
from the sun to travel the 93 million miles to 
the earth. 


3) Since there are 107 seconds in a year, light travels 


10° mi/sec & 107 sec/yr = 1017 mi/yr. 
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b) The order of magnitude of 93, 000, 000 miles is 10° miles. Traveling at the rate 


of 10° miles/sec, light requires 10° miles + 10° miles/sec = 10° seconds. Some 
students may remember the answer to be 8 minutes. Since 8 is of order 10, anda 


minute is of order 102 seconds, 10° seconds is the right order of magnitude. 


PROBLEM 19 Using powers-of-ten notation, find the following: 
(a) 0.00418 x 39.7 


6000 
(5) 512 


© 703 x .014 
280,000 


` 


a) 0.00418 X 39.7 = 4.18 X 1073 x 9.97 x 101 = 4.18 X 3.97 x 107 = 16. 6 X 10? 


1.68 x10 
6000 _ 6x10? 5 
b 1 4^ XM 
ý 1.2 x 10 
f 4 
708 x 014 1.63 x10 1 x 14x IU 7.03 X 19? =8 
c) m x cms neopucno UNUS SEE PUVET RUD - 3.52 X10 
* -9:8X10 - 2X10 my 
PROBLEM 20 A watch ticks 5 times each second. Expressing 
only the order of magnitude of your answer, fin 
how many times it ticks: 
(a) during a day. 
T (b) during a year. 
If we use only orders of magnitude, we would have 
10 ticks 2 sec 2min „ 10 hrs = 6 
Ticks / day = 10 % X10 min X10 hr W ss 
= ticks | 2 sec 2 min „ 10 brs 2 days = 10? 
Ticks/yr = 10 56c X10 minX10 Br pur ridic TE i0. 
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RELATED MATERIALS FOR CHAPTER 3 


— i tudents become 
Laboratory. Experiment I-2 - Large Distances. In this experiment s 
familiar with the use of triangulation methods through the use of two devices, the range 


finder and the parallax viewer. 


You will note that in the experiment, the theory of the range finder is not worked out. 
It is simply calibrated on known or measurable distances. On the other hand, the theory 
of a parallax measurement is worked out, so that students can see how to go beyond the 
range within which calibration is possible. This is a minor illustration of how science 
goes ahead — a combination of checks. See the yellow pages on Experiment I-2 for sug- 
gestions. : 


Experiment I-3 - Small Distances. In this experiment students assemble and cali- 
brate an optical micrometer which is capable of measuring distances of the order of 


194 cm. See the yellow pages on Experiment I-3 for suggestions. 


Home, Desk and Lab. The following table classifies problems according to their esti- 
mated level of difficulty and the sections to which they relate. Those which are especially 
suited to class discussion and those which are home projects are indicated. Problems 
which are particularly recommended are marked with an asterisk (*). Answers to problems 
are given in the green pages: short answers on page 3-11 ; detailed comments and solutions 
on pages 3-12 to 3-23 . 


6 
22 
Films. Measuring Large Distances", b i i 
3 » by Dr. Fletcher Watson of Harvard University. 
Measuring distances on earth by triangulation is explained, and, by use of models, ex- 7 
tended to measurement of the distances to the moon and the nearest stars. Orders of 


magnitude of astronomical distances are strikin 
i gly illustrated, and the apparent bright- 
ness method of estimating distances to stars is explained. Running TA 5 5 


Measuring Small Distances” by Professor Doroth 
: ; y Montgomery of Holli 8e. 
Starting with a centimeter scale, methods of measurement of Bucks ivy ice aie 
tances are discussed, including the optical, electron, and field ion microscopes. How 
the instruments are calibrated is discussed. Running time: 20 minutes B 


E 
E 


Section 1 - The Unit of Distance 


PURPOSE To show how systems of units a 


re de ; 
the metric units of distance. veloped and, secondarily, to introduce 


EMPHASIS Treat briefly, mostly as a reading assignment. 


have a little familiarity with metric units and will quickly pic ren 


k them up as they work 
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through the text and problems. Metric units do not require emphasis at this point. Sug- 
gestions for a possible brief class discussion are given below. 


DEVELOPMENT Give examples of measuring lengths by counting the number of standard 
units in an interval. Example: laying a ruler end to end across a desk. Mention other 
methods of measuring, such as using a tape measure (which is essentially a set of rulers 
already laid end to end for convenience), pacing, and spanning with the arms extended. 


To lightly push the idea that in measuring distance any convenient unit can be used as 
a standard, you might propose a new unit of distance on the spot. Taking as a model the 
light-year used in astronomical measurements, you might introduce the ‘‘sound-second”’ 
as the distance sould travels in a second. Do not emphasize the conversion of the sound- 
second into other units but try (in so far as possible) to work with it directly. For ex- 
ample, We often hear the thunder from lightning when the bolts get as close to us as 
15 sound-seconds away. When they get as close as 1 sound-second, they are very loud!“ 
Problem 1 and 2 (Problem 2 is a home project) are appropriate at this point. 


In discussing the metric system, stress the ease of working with decimal notation 
rather than any absolute “correctness” of the metric system. You might also point out 
that people who work in English units extensively often use a decimal system by picking 
the foot or the mile as a unit and then speaking of decimal fractions of a mile. ‘‘It is 
three and seven tenths miles from our house to the library.’’ No one would think of 
converting this measurement to miles and feet. 


One of the reasons that students avoid the metric system, especially in their daily con- 
versation, is that they have no intuitive feeling for its units. It is probably best to avoid 
direct conversion between British and metric units. Instead, encourage students to try to ` 
develop direct mental pictures of the meter, centimeter and millimeter by practice in 
estimating the metric dimensions of familiar objects. They then should check their esti- 
mates by measuring. Ask questions such as Are most men more or less than two meters 
tall?" ‘‘How many city blocks in a kilometer?” Laboratory work should play an important 
role in developing a real feeling for the metric system. 


Emphasize particularly the consistency of the prefixes in the metric system (kilo, 
centi, and milli. The meter is our chosen standard unit of length, and other metric 
units of length are simply convenient submultiples or multiples of the meter. 


COMMENT Someone may ask how the distance from the equator to the poles was mea- 
sured in the 18th century, in terms of *surveyed base lines". The technique is graph- 
ically illustrated in the film Measuring Large Distances", and involves measuring a 
portion of a meridian between known latitudes, as discussed in the Teacher' s Guide for 
Section 2. The length of the meridian for one degree difference in latitude is 1/90 of 
the length of a quadrant (the length of a degree increases somewhat with latitude on 
account of the non-spherical shape of the earth). The Greeks measured the size of the 
earth quite well by this method. : 


Section 2 - Measuring Large Distances — Triangulation 
PURPOSE To show that enormous extensions in the range of distance measurements can 
be accomplished through the use of simple geometric techniques. 
CONTENT a. The intersection of the lines of sight to a distant object from the two ends 
of a base line“ determines the position of an object. 


b. By solving the triangle formed by the two lines of sight and the base line we can 
determine the distance to the object. This can be done graphically by constructing a 
similar triangle, to a reduced scale, or by trigonometry. 

c. Triangulation methods have been used to measure distances to planets and even to 
some of the nearest stars. : 
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d. The orders of magnitude of distances determined through various sense extending 
techniques is discussed briefly. 


EMPHASIS The basic idea of triangulation is ingenious, but quite simple. While this is 
an important and interesting topic, it can be treated quite briefly. The laboratory can 
carry the principal burden of getting understanding of triangulation methods. Experiment 
I-2 is appropriate at this point. HDL 3, 5, and 9 will be helpful. 


DEVELOPMENT The following simple class experiment as a pre-laboratory experiment 
may help get the idea of triangulation across: Ask your class to measure a distance of a 
few meters using a convenient base line such as a meter stick or the edge of a table. The 
two lines of sight can be marked directly on a normal-sized sheet of paper, moving the 
paper to each sighting point and making sure both times that one edge of the sheet is par- 
allel to the base line. This yields directly a triangle similar to the triangle formed by 
the base line and the two lines of sight, but smaller. Using the proportionality between 
corresponding sides of the similar triangles the distance is easily worked out. The 
distance should be checked by direct measurement with a meter stick or a tape. Pins 
may be used to improve the accuracy with which lines of sight are laid out on the paper. 


COMMENTS There are many applications of the basic idea of triangulation; several are 
mentioned in the text and others will occur to your class. The following comments are 
not intended for class presentation but to help answer questions that may come up. 


The method of determining the size of the earth mentioned in the Teacher’ s Guide for 
Section 1, is essentially a triangulation method. Here the measured base line is an arc 
of a circle along a meridian and the distance to be measured is the radius of the earth. 
The angle subtended at the circle of the earth by the arc is established by noting the change 
in latitude. A and B are two points on the surface of the earth on the same meridian, i.e., 
A is due north of B. 90*- 0 A is the latitude 


of A. We can work out the radius of the 
earth by making a scale drawing or by ocu Star 
noting that the length of an arc of a circle Vertical 
is proportional to the angle subtended: 


To North Star 


0 
N Vertical 


From which R = S60" x AB : 
e 2T 


A good student may try to check the distance to B 
; arnard's star, mentioned in the cap- 
tion of Figure 3-5, from the observed a ' E. 
2 pparent motion. This is not possible gi 8 
1 ee pr eius P the 8 is not given; the 24-inch bed 
o the diameter of the telescope mirror. To get the st : 
the focal length should be 6 meters. Using similar triangles (See Figure ea — 


L= 6 meters 

s = 0.03 mm = 3 X 10^? meters 

b = twice the earth-sun distance = 3 x jo meters 

dud b 6 meters 
3X10 ` meters 


Some students may think about the 
possibility that the star 
the sun, and that this may interfere with the distance . opi 


11 
X 3X10 meters = 6 X 1016 meters. 
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problem, since it is easy to separate the effect due to the motion of the earth (relative to 
the sun) and the effect due to the motion of the star (relative to the sun). The first effect 
results in a reciprocating motion with a period of one year, while the part that comes 
from the motion of the star is essentially a uniform straight line motion. Presumably 
both effects are seen in Figure 3-5. 


* * * 


The question raised at the end of the caption of Figure 3-7 is simply a general invi- 
tation to the student to see if he can make sense of it. Definite answers should not be ex- 
pected. Astronomers use a variety of methods to estimate distances too large to be ob- 
tained by triangulation. Most methods are based on the amount of light received from a 
star, and a rough estimate of the total amount of light emitted by the star (intrinsic lu- 
minosity). The intrinsic luminosity can be estimated with the help of an empirical re- 
lationship between the intrinsic luminosity and some other observable quantity, e. g. 
the color of the emitted light, or the period of a variable star. Such relationships have 
been established by observations on near stars whose distance is known by more direct 
methods. Some of the methods are discussed in the film ‘‘Measuring Large Distances’’. 


SUPPLEMENT Some students may raise questions regarding how the astronomical 
distances listed in Table 1 are measured. While this is an interesting topic, you will 
want to avoid discussing it in class because it would take too much time. Partial answers 
to some of the more obvious questions are given below. 


(1) While most interplanetary distances can be measured quite well by triangulation 
and the earth’ s diameter as a base line, other techniques are sometimes employed to 
give greater accuracy. Observations of the motion of the planets relative to the sun and 
to the stars make it possible to draw a scale map of the solar system, establishing the 
ratio of various distances within the solar system to each other. As an example, the 
maximum angle between Venus and the Sun essentially fixes the ratio of the radius of the 
orbit of Venus to the radius of the orbit of Earth. To keep things simple, suppose that 
both orbits are circular, with the Sun at the 


center, and that the two orbits are in the AE Orbit of V 
same plane. At a time when the angle be- Ped Sais CEN. rbit of Venus 
tween Venus and the Sun is a maximum, / Pa Wan 
Sun, Venus, and Earth are at the vertices l 
of a right triangle. The angle 9 is about l S \ y Orbit of Earth 
46°; from a scale drawing, or by trigonom- Tangent to\ TA 
etry, we find that the ratio the orbit EA 

T of Venus zi t. 

v — 
— = 0. 72. 
T: E 


In a similar but more complex manner, ratios can be determined for planets which have 
orbital radii greater than that of the earth. To find the actual distances another equation 
is needed that relates the radius of the earth' s orbit to that of one of the other planets. 
The actual difference between these two radii, say the distance between Mars and the 
earth at closest approach, can be computed from parallax measurements (triangulation) 
using two widely separated points on the earth’ s surface as a base ]ine. As an alternative, 
noting the position of the planet in early evening and again in early morning provides a 
base line of approximately the earth’s diameter because of the rotation of the earth on its 
axis. In practice the best measurements have been those of the distance to a minor planet 
(e.g., Eros) which passes much closer to the earth than Venus or Mars. Recently the 
distance to Venus has been measured by noting the time for the round trip of radio waves 
bounced off the surface of venus. If one of your students is interested in pursuing this 
subject in more detail a good source of information can be found in William Lee Kennon’s 
“Astronomy”, Ginn and Company, 1948 (pp. 199-206 and 247-257). 


(2) The length of the earth’s shadow could be determined from the diameter of the 
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shadow at the position of the moon and the distance of the moon from the earth. 


moon’s orbit 


D b D Xm 
By similar triangles: =<. 1 8 which can be solved to give s = 


b, of the shadow of the earth at the moon’s position can be determined by observing the 
time required for the moon to traverse it during a lunar eclipse. For instance, one may 
observe that the moon moves by a distance equal to its own diameter in about 3500 seconds, 
but it takes about 9200 seconds to traverse the earth’s shadow. This means that b is equal 


3 $ 
to 3-235348 times the diameter of the moon. The diameter of the moon is about 
3.5X10 


e 
D, za aa The diameter, 


3.48 X 10° meters (see HDL 6). This gives b = 35 x 3.48 X 10 meters =,9.2 x 10 


meters. 
With D, = 12.7 X 10° misters and m «3:84 X 10" 


meters we get: 


12. 7 X 109 meters 


(12.7 - 9.2) X 106 meters 
= 14 X 108 meters = 1.4 X 109 meters. 


Alternatively, we can compute the length of the shadow from the diameter of the Sun, 
the diameter of the Earth and the distance from the Sun to the Earth. 


x 3.84 X 108 meters 


pot 1 1j 


EE a 


De 
D. D, 
By similar triangles we have: Puri teg 
rD, x D, 
we solve and find s = 5 Koa 
8 e NN DUE A 
» D 


8 


We know the ratio cm by measuring the angle subtended by the disk of the sun at the 
D 

earth (see HDL 6). We have m 29.3X10 8. The diameter of the earth is 
D, -12.7X 109 meters. Therefore we calculate: 


qo uh TRIO" _ 2.4% 10* meters 
9.3x10? Pe Pe 
1-22 jue 
D. D 
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Comparing the two results we see that the diameter of the Earth must be quite small com- 
pared to the diameter of the Sun. Very accurate measurements would be required to give 
even a rough estimate of the actual ratio (the diameter of the sun turns out to be about 

110 times that of the earth). 


(3) As indicated in Table 1, the maximum distance which can be measured by triang- 


ulation using the diameter of the earth' s orbit as a base line is about 1918 meters. This 
maximum is set by the limit on the ability of a telescope to distinguish between small 
11 


angles (angular resolution). The diameter of the earth’ s orbit is about 3 X 10 meters. 
11 
This implies an angular resolution of about rie -38X ne This is close to the re- 
10 


solving power of the largest telescope. The maximum angular resolution cannot exceed 
the ratio of the wavelength of light to the aperture of the telescope. For visible light the 


wavelength is about 5 X 197 meters, and the diameter of the largest telescope is about 


5 meters. This gives a resolution in angle which cannot exceed about 1077. Other lim- 
itations, e.g., irregular refraction through the atmosphere, slightly reduce the resolving 
power: Note that this limitation allows us to measure distances only to stars which are 


s LI 
relatively near neighbors. 1018 meters is about 102 light years (1 light year x 101 6; the 
diameter of our galaxy is about 10° light years. 


Section 3 - Small Distances 


CONTENT Several methods or devices can be used to enable us to infer the size of a 
small distance from the measurement of a larger one. ; 


EMPHASIS The principal emphasis here should be to give students a feeling for how and 
how far measurement can be extended toward the very small. At this point, in the lab- 


boratory the student can get to 19? meters with the optical micrometer. In the mono- 
layer experiment (1-8) in connection with Chapter 7, he will get to 19? meters. Before 
the course is over he will be familiar with techniques for getting down to subatomic di- 
mensions. 

This section may be treated quite briefly since most of the ideas involved are similar 
to those used in the preceding section. If you have time, the construction and calibration 
of the optical micrometer (Experiment I-3) will be appropriate at this point. If you do the 
experiment, you should not introduce the micrometer caliper until later, since it may 
detract from the students’ interest in building and calibrating their own device. 


COMMENTS It would take you too far afield to discuss now how the distances listed in 
Table 3 are measured. You can point out that this table is meant to show students where 
they are going, not how to get there. x 


In all the examples you choose, try to emphasize that we construct a device or pro- 
cedure to extend the results of direct measurement. As the text points out, we can take 
a hundred sheets of paper instead of only one to bring the necessary measurement into the 
range where we can carry it out directly. 


Students may notice that in Figure 3-11 (b) on page 31 a human hair is about 
8x 10? meters in diameter whereas on page 35 near the top of the first column a hair is 


said to be 3 X 10? meters in diameter. Let students settle this in laboratory with the 
optical micrometer. (The thickness varies considerably.) 
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Section 4 - The Dimensions of Space 


PURPOSE To make more explicit the intuitive physical connections between lengths, 
areas, and volumes, that is, between one, two, and three dimensions. 


EMPHASIS Treat very briefly, mostly as a reading assignment. 


COMMENTS That it requires three numbers to specify the location of a point in space 
will be apparent to most students. It will certainly be apparent that you can do it with 

three numbers; some of them may not have considered the possibility of trying to do it 
with less than three. Three coordinates are needed any way you try it. 


When you move a line in order to ‘‘sweep out” a surface, you must move it perpen- 
dicular to itself (or at least partially 80; you cannot slide it along its length). Similarly, 
you move the surface at least partially perpendicular to itself in order to generate a 
volume. This is as far as you can go. As the text indicates, this is because you only 
get another volume when you move the original solid. However, students with mathe- 
matical sophistication may point out that the difficulty is that we cannot move a solid per- 
pendicular to itself. We are forced into a case similar to that of sliding a line along it- 
self or a surface along itself where another line or surface, respectively, is obtained. 


Try to point out that we deal in physics with quantities of no dimensions, like 7; as 
well as with quantities of one or more dimensions. A dimensionless quafKity is measured 
by a pure number. A one-dimensional quantity, like a distance or time interval, is mea- 
sured by a number with units. A two-dimensional quantity, such as an area, can be des- 
cribed in terms of two one-dimensional quantities, such as two distances (e.g., the length 
and width of a rectangle). A three-dimensional quantity, such as a volume, can in turn 
be described by three one-dimensional quantities (three sides of a cube) or by a one-di- 
mensional quantity and a two-dimensional quantity (the base area and height of a cylinder). 
Students may point out that even in our everyday world, it takes four one-dimensional 
quantities, three distances and a time measurement, to specify the state of a particular 
system which is changing in time. (This concept is fundamental in the theory of rela- 


tivity, and aroused wide and wild speculation about the fourth dimension’’ in the public 
mind at the time Einstein published this theory.) 


Section 5 - Measuring Surfaces and Volumes 


PURPOSE To show that the measurement of areas and volumes is simply an extension of 
the process of counting units. 


EMPHASIS Treat briefly. 


COMMENT - We define what we mean by the area of a square and volume of a cube using 
the standard equations, A= s? and V = 8°, respectively. To find the area and volume of 


irregular bodies, we count (or compute) the number of standard squares or cubes that will 
fit into the given figure. While this material hints at some rather important advanced 
mathematics such as integral calculus, it is enough to leave it as a hint here. 


Some of Problems 12 through 17 at the end of the chapter may be appropriately used 
for homework or class discussion here. These problems will give students a little practice 
with area and volume measure. This is a good opportunity to point out an advantage of the 
metric system over the English system. In the metric system we choose as the unit of 
volume, the volume of a cube having an edge of a meter: the unit of volume is constructed 
in the simplest possible way from the unit of length. This is not the case for most common 
English units. You will really drive this home by asking your class to calculate the length 


of the edge of a cube which is to have a volume of a bushel. They will get the point, if not 
the answer. 
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Section 6 - On the Limitations of Measuring 
Section 7 - Significant Figures 


PURPOSE To point out some of the limitations on measurement and to introduce the use 
of significant figures in reporting the results of measurement. 


CONTENT a. Physical measurements are not exact. 


b. Indirect measurements depend upon assumptions. The recognition and testing of 
these assumptions is an important part of measurement. 


c. The accuracy of a measurement can be expressed by the number of significant figures 
used in reporting the result. 


d. Arithmetical processes with measured quantities must take account of the uncertain- 
ties in the original data. 


EMPHASIS The several examples in the text should be sufficient at this point as an intro- 
duction to measurement limitations. 


While significant figures should be treated as important, they should not become a 
fetish since significant figures are a long way from being a completely satisfactory answer 
to the problem of errors and their representation. To get further in this regard we would 
have to get into fractional errors. This is hardly necessary in a first course. 


Many students will require months of reminding to get into the habit of paying attention 
to significant figures. Practice at this point will not be as helpful as pointing out approp- 
riate use when problems are discussed in class, and especially in the laboratory when 
students are working with their own measurements. 


COMMENTS The relevant ideas on significant figures are presented in the text through 
examples, avoiding any hard and fast rules. It will be well to stick to this method. The 
student should recognize: (1) Any number obtained by measurement is uncertain to some 
degree. (2) When quantities are computed from such numbers the numerical results are 
also uncertain to some degree. In doing arithmetic with the results of measurement we 
estimate the uncertainty in the answer by asking: If we change the measured result by 
the possible error, how much is the result of the calculation changed? If students once 
get into the habit of asking this question, there is little difficulty in getting a proper 
answer. 


It will be well to avoid hard and fast rules and carefully refrain from going beyond a 
simple, common sense approach in answering questions which may arise in connection 
with significant figures. In most of the cases where two ‘‘common sense’’ answers to 
the same question appear to exist, the difference between the two answers will be unim- 
portant. Such an example is given in Problem 19. In this problem both answers are 
correct. The difference between the two answers (12.76 and 12. 77 meters) is not 
significant, since the last digit is uncertain in both cases. 


Problems 19 through 24 deal with significant figures. Class discussion of perhaps 
two of these (e. g., 21 and 24) should be enough to present most of the ideas involved. 


E * * 


It may be necessary to point out explicitly that the errors in measurement result 
from natural and instrumental limitations quite unrelated to the decimal number system. 
Thus writing a number to a given number of significant figures does not imply that the 
last figure given is known to an accuracy of +1; e.g., if we state that a certain distance 
is 3.523 meters, this does not necessarily mean 3.523 4.001 meters. The statement 
Simply means that our best estimate of the last digit is 3, and that we know nothing at 
all about the following digit. If the uncertainty in a particular measurement is known, 
for example by many independent measurements of the same quantity, we conventionally 
state the uncertainty together with the results, e.g., 3.523 + .007 meters. Students 
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cannot be expected to adopt such notation at this point, since they do not know how to esti- 
mate errors. 


* * * 


In physics, we deal with exact as well as with measured quantities. Exact quantities 
are those defined by law or by mathematics. For example, there are exactly 2. 54 centi- 
meters in an inch, by law. Therefore, it is perfectly all right to write this quantity as 
2.5400000000... Similarly, a number like 7 can be written with any number of digits 
since it has an exact definition. We could, of course, „measure“ 7 by measuring the 
diameter and circumference of a circle and determining 7 **experimentally" from the 
ratio of the circumference to the diameter. Then, the number of significant figures we 
could use in reporting the value of our “experimental” T would be determined by the 
precision of the measurements of a circumference and diameter. However, if we want 
to know the circumference of a circle, it is much better to take the mathematical defi- 
nition of 7 and the measured value of the diameter. Then, of course, the reported ‘‘mea- 
sured’’ value of the circumference can have no more significant figures than the measured 
value of the diameter. In computing by longhand, of course, we can save work by using 
only an appropriate number of digits of 7. Note that when we multiply or divide a mea- 
sured quantity, like a radius, by an exact quantity like 7, we do not change the number of 
significant figures. a 


Work carefully through the arithmetic of dealing with physical quantities. Show that 
the number of significant digits can never increase as a result of a mathematical operation 
like addition, multiplication, or division, but can, in fact, be reduced by subtraction. 
Point out that the number of significant digits in a measurement is independent of the units 
chosen to express it. For example, if the diameter of a circle measured with a meter 
stick is reported as 2.55 centimeters, the digits are all significant, but the last one on 
the right is somewhat in doubt because it comes from an estimate of tenths between the 
- millimeter divisions on the scale. The number of significant digits is not changed by 
converting units and writing 0.0255 meters or 25,500 microns. The zeros at the left 
in the first case, and at the right in the second case, serve to locate the decimal point, 
and are not counted as significant digits. The true number of significant digits can always 
be indicated by using powers of ten to put the decimal point to the right of the first digit 


` -2 
and writing 2.55 X 10 meters or 2.55 X 10 microns. This sort of notation is sometimes 
called ‘‘scientific’’ notation and is a good thing to encourage at this point. 
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Chapter 3 - Space and its Measures 
For Home, Desk and Lab — Answers to Problems 


GENERAL in these problems and in much of the work of the following chapters, a fair 
amount of routine arithmetic is frequently encountered. Some teachers may wish to take 
some time at about this point to train students in the use of a slide rule to simplify routine 
calculations. While a knowledge of slide rule technique is generally useful, and a valuable 
aid in computation, the progress of the course will not be impeded if students are not 
specifically trained in this technique. 


The following table classifies problems according to their estimated level of difficulty 
and the sections to which they relate. Those which are especially suited to class discus- 
sion and those which are home projects are indicated. Problems which are particularly 
recommended are marked with an asterisk (*). i 


Answers to all problems which call for a numerical or short answer are given following 
the table. Detailed solutions are given on pages 3-12 to 3-23. 


Class Discussion Home Projects 
il 


SHORT ANSWERS 
1. See discussion on page 3-12. 
2. A home project. See discussion on page 3-13. 
3. A home project. See discussion on page 3-13. 
4. 220 meters. 
5. A home project. See discussion on page 3-15. 


6. 4x10? km. 

1. A home project. See discussion on page 3-16. 
8. A home project. 
9 


(a) 25 meters 
(b) Dif. -1 meter. Error 4.0% 
(c) Dif. = 20 meters 


10. A class project. See discussion on page 3-18. 
11. See discussion on page 3-19. 


12. 78 em". 


15. 900 cm 


14. Pattera and measured square of pattern material are of ualform thickness and 
composition. 


17. 5% 107 inches per groove. 
18. See discussion on page 3-21. 


19. (a) 12.77 meters and 12, 76 meters. 
(b) Both are correct. Either way the digit representing hundredths of a meter is 
uncertain. i 
20. (à 5.4x10? 
h 2.3x10 
(e) 36.7 
(d) 0.458 
21. (a) 64 cm" 
(o 64*1cm 
(c) 1/64 (or 1.68 
22. 8.2cm 
23. 44.0 cm? 
24. (a) 9.1 hrs 
0. 60 
(c) 3.5 hrs 
COMMENTS AND SOLUTIONS i 
PROBLEM 1 an arbitrary unit such as the length of 
the first of the thumb or the ofa 
gern Mark offa scale, wing this along 
the edge of a piece of this scale to 
measure the length width of this page. 
Determine the ratio of the length to the width. 
What are the units of this ratio? Compare the 
ratio that you obtained with the ratios that others 
obtained for this same different units. 
What is the effect of in measuring 
ratios? 


To demonstrate that the choice of unit in a measurement is arbitrary. Typical results: 


width of paper = 5 1/2 thumb-joints; length = 7 thumb-joints 
ratio of length to width = 7/5. 5 = 1. 3 (no units) 

(with a ruler) width = 19 cm; length = 25.5 cm 

ratio of length to width = 25. 5/19 = 1.3 (no units) 


The ratio of length to width is the same for any set of units, as long as the same units 
are used for measuring both distances. 


A nn fb. 
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Numerical answers, of course, depend on the 
tree or building selected. We must assume only 
that the sun’s rays are parallel. Then, triangles 
TAC and SBD are similar, and 


tree height (TA) _ tree shadow (AC) ^ Then 8 
student height (SB) student shadow (BD) 
_ (SB) (AC) é 
TA (BD) ' D n A 


For example, if SB - 5.0 ft, AC = 27 ft, and BD = 3.0 ft; then TA = 45 ft. Any 
position of the sun will, of course, work as well as any other position, since the light 
rays striking both the tree and student are parallel. 


However, students may point out that the accuracy of this method necessarily goes 
down as the sun nears a ‘‘directly overhead” position. When the sun is in such a position, 
it will not work at all. The method would be most inconvenient at sunset due to the great 
length of the shadows. 


For classes that do not do this problem experimentally, the question of the effect of 
the sun’ s position can be used as the basis of a short class discussion. 


PROBLEM 4 In using the triangulation method of measuring 
a distance, an observer sights upon an object 
directly opposite him on the far bank of a river. 
He places a stake where he is standing and then 
moves 50 meters upstream parallel to the river. 
Here he places a second stake. Then he moves 
10 meters farther upstream and places a third 
stake. From this stake he walks directly away 
from the river until he is on a line with the second 
stake and the object on the far side of the river. 
He finds that he is 44 meters from the third stake. 
What is the width of the river? See Fig. 3-1 of 
the text for a diagram of this method. 


A straightforward construction problem in triangulation. Even if students know 
trigonometry, they will learn a great deal by solving problems with accurate scale 
drawings. The solution is given below. 


10m 
-—44 m—- Scale: 2m/mm 
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PROBLEM 5 It is possible to determine your distance from a 
landmark by measuring two angles and a base 
line. Choose for a base line the side of a building 
or a football-field side line of known length. By 
sighting to an object from each end of the base 

~ line, the angle which each line of sight makes with 
the base line may be determined by using two 
sticks and a protractor. If these results are 
s scaled so as to fit on a piece of paper, the distance 
2 may be roughly measured. The distance may 
also be determined trigonometrically, since two 

angles and a side are known. 


This triangulation problem can be solved either trigonometrically or by constructing a 
scale drawing. For example, in Figure (a): AB = 20 meters; Z CAB = 71.6*; Z CBA = 84.3*. 


We can construct the line DC perpendicular to AB, forming two right triangles. Then, 
solving trigonometrically, 


DC = AD tan 71. 6° = DB tan 84. 3°. 
From tables, tan 71.6? = 3. 01, and tan 84.3* = 10. So, 


DC - 3.01 AD DC - 10 DB 

10 (20 - AD) = 3.01 AD - 10 (AB - AD) 
200 = 3.01 AD * 10 AD - 10 (20 - AD) 
AD-15.4m 


To determine AC, cos 71. 6° = ie or AC = idm = 48 meters. Or, if we want CD, 


CD = AD X tan 71. 6°= 15.4 X 3.01 = 46 meters. 


If this problem is solved by making a scale drawing, the protractor can be eliminated. 
As the angles are sighted they can be recorded directly on a sheet of paper. Point out 
here, especially for students who are facile with trigonometry, that a careful scale drawing 
is just as good as a trigonometric computation. Students can fool themselves by using: 
trigonometry to bring in many extra “significant” digits but a Scale drawing will preserve 
all the accuracy they have in their basic measurements when they are measuring angles 
by sighting. In fact, the computations given above in the solution of the problem are to 
show a limiting case” of accuracy. It is unlikely that by sighting over a protractor a 
student can justify a reading such as 71.6°. Two digit accuracy is all that should normally 
be expected or accepted. 


If it is practical the student should select a point on the base line so that a line connect- 
ing it to the object will form a right angle with the base, (BC in Figure (b)). This will 
greatly simplify the calculations since AC will equal AB/cos Z BAC, and CB = AB X tan Z BAC. 


Figure (c) illustrates a third possible relationship of base line and the distance, (AC), 
to be measured. Constructing DC and DB again produces two right triangles and the 
solution of the problem is similar to that for (a). 


C [o 
i 
(a) (b) | (c) 
71.6* | 
84. 3° i 
A B A B A D 
B 


. lo Ph 
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PROBLEM 6 What is the diameter of the moon? Assuming 
that the moon is 3.8 X 10° km from the earth, 
you can determine its diameter by the following 
method. Place two strips of opaque tape 2 cm 
apart on a windowpane. Make a pinhole in a 
card and then observe the moon through the 

inhole and between the two strips. Back away 
[me the window until the moon just fills the 
space between the two strips. Measure the dis- 
tance from the card to the window. Using the 
geometry of similar triangles, calculate the diame- 
ter of the moon. Do not attempt to use this 
method to determine the diameter of the sun, 
The bright sun will be harmful to the eye, Could 
this method be used to determine the size of a 


star? 
2 em 
moon 
m 5 
measure 3.8 , 10km. —— —— > 
j 2 cm d (moon's diameter) 
Using, similar triangles: distance from card to window 3.8 10° wal 


The student should find that the distance from the card to the window is of the order 
of 10? em. If the student measures carefully, he will obtain a value of approximately 
2 meters and from this we have: 
D km P 2 cm 
3.8X10°km 2 N 102 em 


The distance from a star to the window is so great in proportion to the star' s 


diameter that rays from all parts of the star are too nearly parallel to permit the use of 
triangulation for finding the diameter. 


Fand D- M 103 Ker 


PROBLEM 7 Cover one eye with your hand and try to judge 
distances with only one eye. Observe that most 
of the hunting animals and birds have a unique 
placement of the eyes which permits them to esti- 
mate the striking distance to their prey. Consider 
the difficulty of almost any of the many tasks 


we perform if we were denied this depth percep- 
tion. 


While people with normal vision generally use parallax to judge distances, people 
with sight in only one eye do have some depth perception. This can be realized through 
sensing the muscular activity required to bring an image to a sharp focus on the retina. 
There are also other cues to distance perception. 
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PROBLEM 8 A camera with one lens cannot show relative dis- 
tance unless the picture it takes shows the depth 
of space which separates objects. Show how 
this could be used to make a camera “lie.” Take 
a picture of objects on a table, from slightly below 
the edge. Notice that similar objects appear to 
be of different size depending upon their position 
on the table. Effects such as this are used to 
show the illusion of a person seemingly inside 
a bottle or larger than a tree. 


A home project for photo hobbyists. 


PROBLEM 9 (a) A simple range finder may be improvised by 
using two meter sticks to establish sight lines to 
the object. The amount these deviate from paral- 
lel positions is a measure of the nearness of the 
object sighted. If the meter sticks form equal 
angles with their base line, and are ted 
by one meter at the near end and 96 centimeters . 
at the end away from the observer, what is the ' 
distance to the sighted object? 

(b) If the meter sticksare notsufficiently straight 

to give an accurate reading on the separations, an 
error in range estimation will result. What differ- 
ence in the estimated range would result if the 
front measurement had been 96.2 instead of 96.0 
cm when the backs of the sticks remained at 1 
meter? Express this error as a per cent. 
(e) As the sticks are made more nearly parallel, 
failure to sight the sticks exactly produces a much 
larger error of range estimation, Compare the 
ranges when the fronts of the sticks are 99.0 and 
99.2 cm apart while the backs remain at one 
meter, D 


A good exercise in triangulation--could well be done as a class activity. 


A 


100 em 


n 
B 100 cm d 


a) From similar triangles in the above diagram: 


d 100 cm+d, M 
960m 100 cmo» 100 d= 9600+ 96 d 


d= 9600/4 = 2400 cm = 24 meters 
The range, EF, is 24m * 1m-25m. 
b) From the above calculations we see that if the front measurement is 96.2 em then 
d= 9620/3.8 = 25 meters and the range, EF, would be 26 meters. Thus the difference 
in estimated range would be 1 meter. 


% error = 26 - 25) meters y 199 = 4.0% 


25 meters 


c) When CD = 99 cm: d = 2990 = 9900 cm or 99 m and the range is 100 m. 
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When CD = 99.2 cm: d= S = 12,400 cm and the range is 120 m. 


In this case, a difference of .2 cm in the front measurement produces a difference in 
the estimated range of 20 meters. It is obvious that as the range increases the error 
resulting from measurement of CD is magnified. Note that in. subtracting 99.2 from 100, 
while our answer (0.8) has only one significant figure, the possible error is only about 
1095 so we are justified in keeping two significant figures in our range. 


PROBLEM 10 Constructing a scale model of the solar system: 
A volleyball representing the sun and placed near 
one end of a football field will give a scale on 
which an inch will equal approximately 100 miles 
(0.1 megamile). To such a scale, the earth will be 
only a little more than n inch in diameter and 
930 inches (77 feet) away from the sun, Distant 
Neptune would be almost half a mile away and 
only a little over 4 inch in diameter. What sizes 
will our other planets and their satellites have 
on our model? By what factor must all dimen- 
sions be reduced if this scale model is to fit easily 
on your football field? What object could you 
use to represent the earth on this new scale? 


A possible class project. Students are surprised to see that the ‘‘scale-models”’ of 
the solar system in museums are often far from true scale! 


The following table contains the necessary data for constructing the scale model. 
Distances and sizes of the planets are also given. 


-Planet Distance in miles Distance to scale Actual diameter Scale size diameter 
from the sun 1 inch = 10° NM in miles in inches 
inches feet 3 
Se EE NEE EPS SU GINE A T URS QN 
Mercury 36 * 10° 360 30 3. 0 X 10° 0.03 
Venus 67 * 10° 670 56 7T.TX 10° 0.08 
Earth 93 x 10° 930 e ee 0.08 
Mars 142 x 10° 1,420 - 118 4. 2 X 10° 0.04 
Jupiter - 483 X 106 4, 830 403 88 * 10° 0. 88 
Saturn 886x10 8,860 738 — 75x10? 0.75 
Uranus 1, 780 10 17,800 1,483 .. 31x 10° 0.31 
0 2,790 * 1 27,900 2,325 33 N 103 0.33 
Pluto 3, 670 X 109 36, 700 80 8 TT ER 


Using a scale of 1 inch = 10° miles, Pluto would be about 3000 feet from the sun 
Since a football field is 360 feet, goalpost to goalpost, this scale would have to be re- 
duced by a factor of 10 f the model were to fit on the field. On this new scale, earth’ s 
diameter would be about 0. 008 inches-approximately that of a fine human hair. 
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PROBLEM 11 Determine the thickness of the leaves in one of 
your books by measuring the thickness of 200 
pages (100 sheets). Why is it suggested that you 
use 100 sheets? What assumptions are made in 
this measurement? 


To show how it is possible to measure small distances with fairly crude instruments. 
A typical book might give a measurement of 0.9 cm for the thickness of 100 sheets, 
giving an average thickness for each sheet of 0.009 cm. Assuming the error in measur- 
ing the thickness (dus to inaccuracies in reading the ruler) to be perhaps 0.05 cm, the 
error in the thickness of each sheet is 0.05/100 cm, or 0.0005 cm, about 6% of the 
actual thickness. If we had taken only ten sheets, the error in measurement would have 
been 0.05/10 cm, or 0.005 man error more than half as large as the distance we 
were measuring. The major assumption made in this measurement is that the sheets in 
the book have uniform thickness. In any case, the answer obtained is an average. 


Be sure that this example of a method for measuring the thickness of a single sheet 
of paper comes to the attention of students either by assigning this exercise, by treating 
it in class (previous references to this method occur in the chapter), or'in laboratory 
work. 


PROBLEM 12 A straight line 5.0 cm long is rotated in a plane 
about one end. What is the area swept out by 
this motion? 


The line sweeps the area of a circle 


with a 5.0 cm radius. Using A= ar’, 


A=3.14%X 25 oni = 78 fee 


PROBLEM 13 A straight line 20 cm in length is moved to a new 
position parallel to and 10 cm from its original 
position. What is the area of the surface that is 
swept out in moving the line? 


The line sweeps the area of a rectangle 
with the dimensions 20 cm X 10 cm. | 


2 
Area = 20 cm X 10 em = 200 m 10 cm i 


Some students may quibble with the wording of this problem. It does not say that we 
must generate a rectangle as assumed above. The new position could be parallel to the 
old position with twisting and turning in between. One rewording is: ‘‘A straight line 
twenty centimeters in length is moved parallel to itself to a new position... ^ This still 
does not require that the line sweep out a rectangle. As an additional attempt to pin 
it down, you might require that throughout its travel the line segment stay in a single 
plane. In this case you still are allowing an area to be swept out such as shown at the 
right. ' 


20cm - 
Probably most of your students will not | Y | 
be familiar with the fact that in such 


cases the area is 200 om”. The re- 
. quirement is that the line stay in a plane 
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and move parallel to itself and that the two distances are measured as indicated rather 
than ‘‘along a curve’’. 


PROBLEM 14 A circle whose radius is 5.0 cm is moved along its 
axis to a new position parallel to the original 
plane. If it has been moved 10 cm, what volume 
has been generated by this motion? 


The circle generates a cylinder with a 


radius of 5 cm and a height of 10 cm. EN bet 5T 
2 
Volume of a cylinder - 7r h 
2 e» 
= 3.14X(5.0 cm) X10 cm 
= 785 = 780 cm. 5 em eae 


«—— 10 em 


PROBLEM 15 A piece of cardboard whose dimensions are 12 cm 
by 8.0 cm is tilted about the 8.0 cm edge through 
an angle of 90 deg. What volume has been swept 
out by this motion? 


The piece of cardboard sweeps out one- 


fourth of the volume of a cylinder with a HM 8 ki 
length (or height) of 8.0 cm and a radius of M 
12 em. A 
ii 
2 fi 
Tr h T | 
Vol. 0 
4 8 cm 90 2 d 
2 NS ^A 
vee em) X 8.0 CM 900 a nO E qc 
PROBLEM 16 An indirect method for determining the area of an 


irregular surface was mentioned in this chapter. 
What is assumed in this method? 


The method given is to weigh “ a paper pattern cut to fit the surface neatly. One 


then compares the weight of the cut pattern with the weight of a measured square of the 
same material to find the area’’. 


One assumption is that the paper pattern and the measured Square of the pattern 
material are of uniform thickness and composition. 


PROBLEM 17 A 12-inch LP record which plays for 25 minutes 
at 333 RPM has 4 inches of grooved surface 
along the radius, What is the average distance 
between grooves? 


Total number - 25 min X 33 1/3 grooves/min - 833 grooves. 


4 inches -3 
833 grooves ^ 5X10 inches per groove. 


If students know something about the grooves of an LP record, we are thinking of an 
unmodulated (record with nothing recorded on it, just blank grooves) where the grooves 


do not wiggle. The word ‘‘average”’ in the exercise takes care of this, but you may 


Distance between grooves = 
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relieve the students’ worries if you tell them that the grooves are smooth. You should 
also call the attention of the class to the fact that in carrying out this computation we 
are assuming that the long spiral can be replaced by an equivalent group of concentric 
circles. 


PROBLEM 18 A person reports seeing a “flying saucer” 200 feet 
long, at an altitude of 6000 feet and flying at an 
estimated speed of 2000 miles per hour. Discuss 
the accuracy of this observation. 


This problem requires the student to exercise his perception of the interrelationship 
between ‘‘measurements’’. Consider what the observer could infer if he knew one or 
another of his estimates. 


If he knew the altitude, he might be able to estimate actual size from apparent“ 
size. From the altitude, and the angular field of view covered in a given time, he might 
also estimate speed. y 


If he knew the actual size, he might estimate altitude from apparent“ size, and, 
again, estimate speed using altitude and angular field covered in a given time. 


If he knew only the speed, he could not infer anything specific about either altitude 
or size. 


Since our observer probably has not seen flying saucers ‘‘close-up’’ so as to know | 
their real size, or speed capability, his estimates of size and speed depend upon the. 
accuracy of his altitude estimate. Of course, if he had seen a jet fighter (whose size 
he might know) engage the saucer in a dog-fight, and the saucer appeared to be about 
three times the length of the fighter, he might conclude that the saucer and the fighter 
were about the same altitude, and that the saucer was about 200 ft long. But this is 
going a bit beyond the report. 


How did he determine the altitude? Not knowing the size, he would, at the least, 
need clouds of a known altitude as a benchmark. A long baseline rangefinder or a 
height-finding radar would be preferable. One must conclude that the accuracy of the 
report is highly questionable. 


As a general check on the credibility of the observer, we might ask him how long ^c 
kept the object in view. Flying a straight course at 6, 000 ft and at 2, 000 mi/hr, an 
object would be in sight from horizon to horizon for, at the most, 5-6 minutes. 


PROBLEM 19 Two students made the following length measure- 
ments in the lab and wished to find their sum — 
3.52 m, 4.213 m, and 5.034 m. One student 
insisted that they should round off to the nearest 
hundredth of a meter first and then add, while 
the other student argued that they should be able 
to add the measurements directly and then round 
off their sum. 
(a) Try both of these methods and compare the 


results. 
(b) Which student was correct? 
a) 3.52 m 3. 52 m 
4. 213 m 4. 21 m 
5. 034 m 5.03 m 
12. 767 = 12.77 m 12. 76 m 


b) There is no reason for preferring one method over the other. In either case, the 
digit representing hundredths of a meter is uncertain. 


There are some situations, however, in which the student who added first, then 
rounded off, would have the better result. Suppose that one hundred and one measure- 
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ive segments of a long straight line. One hundred of these 
mer taglio give 2.714 m each. The 101st measurement made with a 
coarse rule, gives 2. 71 m. Clearly it would be wrong to throw out the 40 centimeters 
represented by the round-off carried out one hundred times, i.e. 271.400 * 2. n 274.11 m. 
If the numbers were rounded before adding, the result would be: 271.00 + 2.71 = 213. 71 m. 
The difference of .4 meters between the two results is much greater than the uncertainty 
(+ .005 m) in the single coarse measurement. 


PROBLEM 20 Solve the following problems with due consider- 
ation to significant figures. 
@) 14 10 , 
2.6 X 10° 
(b) 3.7(6.27 X 107?) =? 
(c) 46.7 — 10.04 =? 
8.34 X 0.659 


e T 


3 
a) 24X10 0. 54 x10 


2.6 X10 


2 3 


25.4X10. 


b) 3.7(6.27x10 )) 23 X 10˙2 - 2.3 x10! 
cy 46.7 - 10.04 = 36.7 


d) 8.34X0.659 = 5.50. 2-90. 0. 458 


— 2. 0 — — 


m 


PROBLEM 21 A student measures a block of wood and records 
the following results: length = 6.3 cm, width 
* = 12.1 cm, and height = .84 cm, 

(a) What is the volume of this block? 

(b) Assume the length and width measurements 
to be correct; however, you can see that the 
height measurement may be off by 0.01 cm either 
way. How would this change your answer for 
the volume? 


(c) What fraction is this of the total volume? 
a) V 6.3 8 12,1 84 om , 6.3X.84= 5.3 cm, 5.3X12= 64 em 


b) V'-6.3X12.1X.83- 63 cm? 
V' = 6.3X12.1X.85- 65 ems 


Thus the increased uncertainty in height introduces an increase in the uncertainty of 
the volume. The answer would still be given as 64 cm”, but whereas in a) the answer 
implied V = 64 + 0.5 ems, the new answer would be written as 64 4 1 em?. 

c) The uncertainty is 1/64,or 1.6% of the total volume. 


PROBLEM 22 If a circular piece of tin has a measured radius of 


2.6 cm, what is its circumference? 


C-7D-3.14X2.6 = 8.164= 8.2 cm. 
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PROBLEM 23 A bag contains 25 identical marbles. A student 
makes measurements on one of them and deter- 
mines its volume to be 1.76 cm’. What 
should his estimate for the total volume of all 
the marbles be? 


V=1.76 X 25 = 44.0 om. Here, the number 25 is exact. There is no error in the 


count. Therefore, the answer is properly expressed to three significant figures. 


PROBLEM 24 A bus driver clocked the following times for por- 
tions of his route: ; 
Station A to Station B 1.60 hr 
Station B to Station C 4.7 hr 
Station C to Station D 0.755 hr 


Station D to Station E 2.00 hr 

(a) How long did it take him to drive from 
Station A to Station E? 

(b) What part of the whole trip does the time 
between Stations B and D represent? 

(c) The time to go from Station A to Station C 
is how much more than the time to go from 
Station C to Station E? 


a) 1.63 
4.7 
0.755 , 
2.00 
9.085 = 9.1 hrs. 
b) 4.7 
0.755 ` 
5. 455 5. 5 hrs 
2:5 = 0. 60 = 6/10 of the trip 
gu 
c) 1.63 0.755 
4.7. 2.00 
6.33- 6.3 hrs. 2.755 - 2.76 hrs. 
6.3 - 2.8 = 3.5 hrs. more 
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Chapter 4 - Functions and Scaling 


Throughout this course we shall have to express many mathematical relations. Some 
of the techniques for doing this job are collected for convenience in this chapter. A few 
important applications are also included both to introduce relations that will be used later 
and to add interest. Nevertheless, the mathematical formalities will take some time to 

. sink in, particularly if this is the first exposure for students. Practice in the course of 
later work will be required for students to become proficient in the use of these ideas. 


CHAPTER SUMMARY 

Sections 1 through 3 One simple relationship between two quantities is expressed by 
direct proportion. Alternative ways of conveying the same information are by an equation 
involving only first powers, or a straight-line graph. The variation of the weight of a 
given substance with its volume is given as an example of a direct proportion. Second and 
third power laws, and the alternative ways of expressing them, are considered, with areas 
and volumes as the particular examples. 


The hazards of inferring results for cases not covered by measurements, either by in- 
terpolation or extrapolation, are discussed. 


As an application of these ideas, and as a further example, the inverse-square law for 
light intensity is derived, and applied to the problem of measuring the distances to stars. 


Section 4 By considering the effect of a change of scale on various characteristics of 
physical and biological structures, the power laws are combined to obtain interesting new 
information about limitations on the size of things. 


SCHEDULING CHAPTER 4 

The relationships between physical quantities, and the various ways these relationships 
can be formulated and expressed, are the main subjects of the chapter. Much of the ma- 
terial may be familiar to students through their mathematics classes, in which case the 
main task is to link up what they know with physical observations and measurements. Only 
the simplest kinds of relationships are discussed and illustrated here. It is not the pur- 
pose of the chapter to learn about complicated graphs and their interpretation, or to delve 
deeply into measurement of stellar distances or the strength of materials. Treat all of 
the examples as introductions to physical relationships. The rest of the course is devoted 
essentially to amplifying just this theme. 


Even students who have used graphical techniques in their mathematics courses often 
do not have much insight into the use of graphs to represent quantities or phenomena in 
the real world. We shall lean heavily on graphical techniques in Chapters 5 and 6, and 
in later work. Nowis a good time to begin to show the power of graphical tools. 


Sections 1 through 3 should be assigned for home reading prior to class discussion. If 
your class has a strong mathematical background, you may be able to cover the material 
in these sections quite rapidly. In this case, an extended discussion of Section 4 may prove 
novel and stimulating to your students. However, if your students need help in developing 
their mathematics for this course, spend most of the class time on the first three sections. 
Section 4, if necessary, can be handled largely as a reading assignment. The film, 
„Change of Scale“, succinctly summarizes the important material in Section 4. Doing 
Experiment I-4 in class will give you a chance to help individual students when needed. 


The following table suggests possible Schedules for this chapter, consistent with the 
schedules outlined in the summary section for Part 1. 
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10-week schedule 6-week schedule 
for Part 1 for Part 1 
Class Lab Exp’t Class Lab Exp’ t 
Period Period Period Period 
22 ees a) } | | 
JJ l o- 


RELATED MATERIALS FOR THE CHAPTER 


Laboratory. Experiment I-4 - Analysis of an Experiment. This experiment presents 
data for students to graph and analyze. Itis set up as an experiment rather than a home- 
work problem to provide an opportunity for students to analyze the mathematical relation- 
ships involved under your guidance. There are several optional extensions to accommo- 
date students with different mathematical backgrounds. The best time for this experiment 
is toward the end of your classwork on Chapter 4. See the yellow pages on Experiment I-4 
for suggestions. 


Home, Desk and Lab. The following table classifies problems according to their esti- 
mated level of difficulty and the sections to which they relate. Those which are especially 
suited to class discussion are indicated. Problems which are particularly recommended 
are marked with an asterisk (*). Answers to problems are given in the green pages: short 
answers on page 4-9; detailed comments and solutions on page 4-10 to 4-24. 


BINNEN 

Der] mme 

W 

CORE 
20*, 22 


Film. Change of Scale“, by Professor R. W. Williams of Massachusetts Institute of 
Technology. This film highlights the material of Section 4 with effective demonstrations 
which show that changing the size of objects necessitates a change of structure. Specially 
constructed props are used to illustrate the mathematical rules of scaling. The movie con- 
cludes with practical applications of scaling in the design of ships and harbors, and in the 
creation of special effects in motion pictures. Running time: 23 minutes. : 


Section 1 - Mathematical Relations 


PURPOSE To introduce and illustrate the ways in which physical laws are formulated: 
proportions, equations (functions), tables, and graphs. 

CONTENT a. Direct proportion is a particularly simple relation between measured 
physical quantities. It can be represented by symbolic notation such as W œ V (W is pro- 
portional to V); by an equation W = kV, which gives the actual numerical relation; by a 


table which gives the value of W for certain chosen or measured values of V; and by a 
Straight line graph. x 


b. Areas and volumes are used as exa. 
tively. The equations, tables and graphs 


c. The term 


mples of second and third power laws, respec- 
of these power laws are discussed. 


“‘function’’ is introduced to include any dependence of one measured 


"Pm gp 
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quantity on another. 


EMPHASIS This material will be used in most of the quantitative work that follows in the 
course. It is very important that students grasp thoroughly the various ways in which re- 
lations are expressed — proportionalities, equations, tables and graphs — and appreciate 
that these are simply alternative ways of describing the same information. You may find 
that a considerable part of this material is familiar to your students through their algebra 
and geometry classes; they may be well aware that a relation between two unknowns x and 
y y = f (x), can also be represented by an equation, a table or a graph. The important 
job remaining is to link up algebraic unknowns, or scales on a graph, with physically mea- 
sured quantities. 


The purpose of this section is not to make students completely familiar with complicated 


graphs and their interpretation, but merely to introduce them to the very simple first, 
second and third power laws. More complicated cases will arise naturally in the later 
chapters, and can be discussed when they occur. 


DEVELOPMENT- FIRST POWER RELATIONS These ideas are best introduced by con- 
sidering a simple physical problem. Problems 1 and 2 are suitable examples, or you could 
use a problem such as determining the relation between the height of liquid in a container 
and the volume of the liquid. Standard measures of liquid can be used to fill a variety of 
containers, and the height of the liquid measured with a meter Stick. Make up tables of 
data, listing volume of liquid in standard measures, height of liquid, and ratio of height to 
volume. Make graphs of height as the ordinate (vertical coordinate) versus volume as the 
abscissa (horizontal coordinate). Go through this procedure for containers of various 
Shapes. 


Students will see that a straight-line graph results whenever the third column of th 
table (ratio of height to volume) shows essentially constant values, and that this occurs 
for any vessel of constant cross sectional area. In fact, they should be able to deduce that 
the slope of the line (ratio of Y-coordinate to X-coordinate) is identical to the third column 
of the table, and is simply the reciprocal of the actual cross sectional area of the contain- 
er (if zero height corresponds to zero volume). 


For each case, formulate an equation representing the dependent variable (height) as 
a function of the independent variable (volume). Show that the linearity still holds even 
though the zero of height is shifted upwards or downwards (i.e., the equation y = kx + b 
is a linear relation that becomes a direct proportion between x and y for the special case 
of b - 0). 

You can include experiments on containers of variable cross sectional area, so that 
students can see that the results do not fall on a straight line for such cases, and that 
they cannot be expressed as direct proportionalities. 


SECOND AND THIRD POWER RELATIONS The main points to stress here are the 
ways in which area and volume scale, and the appearance and behavior of second and third 
power equations and graphs. Students Should note that the graph of a second power rela- 
tion frequently can be represented by a straight line by plotting the square of one of the 
variables on one axis vs. the first power of the other variable. 


The scaling of areas and volumes of regular figures will probably be familiar to stu- 
dents from their previous work. A little time will be required to convince them that the 
scaling is the same for a figure of any shape, provided that all linear dimensions are 
Scaled in the same way. The most convincing approach is probably the one presented in 
the text, and illustrated in Figure 4-2, of subdividing an irregular figure into many regu- 
lar figures (plus the small pieces at the boundary), each of which scales in the familiar 
way. For volumes, you could consider the analogous method of constructing distinctive 
shapes from child's building blocks, and doubling alllinear dimensions, but this may be , 


unnecessary. 
For practice with graphs, the suggestions in the caption to Figure 4-4 are apt, and 


us 
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can be applied also to the cube-law graph, Figure 4-5. Adjusting the vertical scales of 
these graphs to make them appropriate to the cases of a circle and a sphere, respectively, 
will emphasize the conclusions on scaling, and is good practice for scale-choosing. 


Problem 6 will bring home the point of scaling all dimensions of abody. Problems 7 
and 10 provide good general illustrations of the material. 


Comment on functions: In mathematics, if y = f (x) (y is a function of x), then for any 


value of x, there is a mathematical prescription for y. Power relations, y = E are 
particularly simple functions. Any measurement of two physically correlated quantities, 
Such that when we measure one of them we get a unique answer for the other, defines a 
functional relation between them. The procedure of analyzing and plotting the data is 
simply a way of finding out whether this functional relation is a simple power law, or 
something more complicated. It is very kind of nature that some laws of physics are 
simple power relations, but this is by no means always the case. Problem 9 of HDL is 
a good example of a simple experiment which involves a more complicated function. 


Section 2 - Interpolation and Extrapolation 


PURPOSE To point out possible difficulties in interpolating or extrapolating the results 
of an experiment. 1 


CONTENT a. Interpolation is meaningful only if the dependence described by the mea- 
sured data is known on physical grounds to be smooth. 


b. Extrapolation assumes that the dependence described by the measured data persists 


outside the ranges examined. This may or may not be correct (and therefore useful). It 
depends on the particular experiment. : 


EMPHASIS This material presents an important qualification of the previous section, but 
a reasonable and easily acceptable one. Not much time should be needed. 


DEVELOPMENT The examples chosen to illustrate the material of Section 1 all involve 
essentially geometrical relationships. It is clear that the dependences obtained are smooth, 
and that the relationship between the measured quantities lies on the smooth curve for all 
intermediate values. The only way students will appreciate the warning being given to 
them is to consider an example where interpolation willnot work. A possible one is as 
follows: consider the pendulum of a grandfather clock which makes one complete oscilla- 
5 5 saa C pd Suppose you observe its position, x, at two-second intervals. 

e tor every measurement. Given this set of points, and not knowing the 
experiment, one would be tempted to draw a horizontal straight line UP uide Eis aid 
say that for all intermediate values of t, x is constant. In this case, it would be obviously 


actual dependence 


E from data 


incorrect. The actual function is the curve shown, as one 

E à š would find — 
servations at intermediate times. The students should get the point A ore 
cussion of the actual shape of the curve, and not much time need be Spent over it. To 
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summarize, one can say that whether interpolation is warranted depends on the particular 
experiment considered. If the physics of the situation is too involved for a prediction 
about the smoothness of the dependence, the only way to find out is to repeat the experi- 
ment at intermediate values. 


The text contains examples of cases where extrapolation from known data does and 
does not work. Students will probably understand well enough the case of aircraft break- 
ing the sound barrier, but a detailed discussion of this and the other examples is clearly 
not called for. As a homely example, you could experimentally examine the stretch of a 
G rubber band. Plot its extension as a function of the weight suspended from it, keeping the 
weights small enough so that the band behaves elastically. You will get a straight line. 
You can then attempt to predict the stretch which you would expect for, say, twice the max- 
imum weight used previously. You do this by extrapolating the approximate Straight line 
dependence obtained already. Now actually apply twice the maximum weight already used. 


40 


| 


Extrapolated 1000 gm extension . 
^ 


30 


20 


Extension (cm) 


10 


p^ 200 400 600 800 1000 
W (grams) 

If you have chosen suitable values, you should find an extension considerably less than was 

predicted. (See the figure.) The moral is that extrapolation was unwarranted in this case. 

Be sure to use a new, unstrained rubber band. You will not get an exact straight line ex- 

cept for small extensions. Problem 8 provides an alternative example of the perils of ex- 


trapolation, but the effect may not be as marked as with a rubber band. 


Section 3 - The Inverse-Square Relation 
PURPOSE To illustrate the methods and ideas of Section 1 by considering the emission 
of light from a point source, which introduces the inverse-square relation. 


CONTENT a. By geometry, assuming that light travels in straight lines, I & + (I the 
d 


light intensity, d the distance from the point source). 

b. By using this relation, the relative distances to two identical lamps can be determined 
by measuring the relative intensity. 

c. This method is used to measure distances to stars. 
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d. The inverse-square relation will only hold if the light travels in straight lines, and 
if there is no obscuring material in its path. 


EMPHASIS The inverse-square relation is an interesting physical law that everyone 
should know about, but it is not essential for the development of the rest of Part 1. (It is 
treated more fully in Part 2, Chapter 15, and used extensively in Parts 3 and 4.) It is 
worth spending a short time on here, both for its intrinsic interest and the astronomical 
application, provided the physics of light propagation is not allowed to become a stumb- 
ling block. A brief treatment should suffice. 


COMMENT As with the area and volume relations of Section 1, the ‘‘proof’’ of the 
inverse-square relation for light intensity is geometric. Any physically measurable quan- 
tity emitted from a point source, and traveling in straight lines, will obey the inverse- 
square relation. The essential physical assumption is thus that light does travel in a 
straight line. This is stated in the text, and students will probably accept it without ques- 
tion. Do not stress this point; the evidence for rectilinear propagation is given in Part 2, 
Chapter 12, and would be out of place here. We mention it only to indicate where the 


physical assumption crept in. 


As noted in the text on page 45, you are not expected to get into a discussion of the 
nature of light or a discussion of the technique of measuring light intensity. One warning 
might be appropriate, however. As a student looks at a row of street lamps, he does not 
see a good example of the inverse-square relation. Fortunately for us, our eyes do 
not see an intensity proportional to the actual light intensity. If one looks through a 
filter which is known to transmit only half the amount of light falling upon it, the light 
intensity seems to be decreased only slightly. The fact that we sense large increases in 
light intensity as only moderate increases (together with the eye’ s ability to change the 
amount of light entering it by contracting or dilating the iris diaphragm), allows us to 
see reasonably well, both on a moonlight night and at bright midday. 


It may be necessary to emphasize that while the inverse-square relation may be 
“proved’’ by geometry, the validity of this “law”, as it applies to propagation of light and. 
other physical situations, can be established only by experiment. Indeed, the fact that 
light does follow an inverse-square relation can be used as verification of the fact that it 
must travel in straight lines. 


Section 4 - Sealing — The Physics of Lilliput 


PURPOSE To show applications of first, second and third power relations in an intro- 
duction to scaling, and to show the role of scaling in scientific investigation. 


CONTENT Structures whose dimensions are proportional but quite diff 7 
tude have very different physical behavior: X T Ee 


a. The strength of structural members (bones, and tendons, girders, etc.) depends on 


5 2 

their cross sectional area, i.e., on L ; Where L characterizes the linear dimension. The 

weight that must be carried by the structure depends on its volume, i.e., on 1 
2 ; ; 

these two relations (strength c L^ and weight oc 15 place, for instance, an upper limit on 


the size of living creatures. Animals of different sizes (diff i 
erent scales) must be differ- 
ently proportioned to preserve an adequate ratio between their strength ad weight. 


Together, 


i : 2 
b. Surface area is proportional to L“. Hence, biological and physical characteristics 


that are affected by interrelationships between surface area ( 3 

L ) and volume (L al- 
tered markedly by changes in scale. Examples: The weight of Ee film of eh cm 
to a body surface is negligible compared to body weight (volume) for a human, but not for 
a fly. A small animal s food intake requirements are a much larger proportion of the 
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animal’ s volume than for a large animal. 


c. As any system is scaled up, the load will eventually be greater than the strength of 
the structure. Thus, conventional buildings cannot be scaled up without limit, mountains 
are solid or nearly so, and planets tend to be spherical. 


d. In physical investigations, it is often helpful to examine how a system’ s behavior 
changes as its dimensions are scaled up or down. A study of systems built on unusual 
scales often discloses unsuspected physical relationships. 


EMPHASIS Although scaling is fascinating to most people and proper regard for scaling 
factors is an important part of many physical investigations, it will be wise to limit your 
classwork pretty much to the level presented in the text. At this point we simply want to 
implant the ideas. While there are many other interesting examples of scaling in biology 
and physics, they can take you too far afield. As the course proceeds, you will be able 
to point out many scaling considerations and assumptions in the laboratory experiments 
and in the experiments described in the text. 


DEVELOPMENT Scaling principles are presented clearly and dramatically in the movie 
“Change of Scale’’. The film includes many interesting scaling illustrations which would 
be difficult to present in a classroom. After students have read the section, a preliminary 
discussion, followed by the film, will probably be the best way of handling this section. 
The preliminary discussion need only make the following points: 


(a) The behavior and appearance of a structure or system is determined to a large ex- 
tent by the interrelation of a number of physical characteristics, such as the weight, 
strength, energy intake, heat loss, etc. 

(b) When the linear dimensions of the structure are Scaled up or down, these physical 
characteristics scale according to different powers of the dimensions. The changed re- 
lationship between these characteristics alters- the structure' s behavior. 


(c) The effects of scaling result ina limit on the size (maximum and minimum) of any 
structure. 


You may wish to draw up a table of squares and cubes to impress on students the mark- 
ed effect of scale changes: : 


If the length of the then its surface and its volume 
edge of a cube in area in square in cubic meters 
„ meters is 6 X E is i: 


10 1,000 
50 125, 000 
Notice how rapidly the numbers for volume catch and pass the number for surface area, 


and that the numbers for surface area increase much more rapidly than the linear dimen- 
sions. 


The movie can then follow immediately. Physical laws and effects not known to the 
students are shown in the film, but they are presented plausibly (surface tension, simple- 
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harmonic motion, for example). Some of these will be treated later in the course. Try 
to avoid detailed discussion of small points — the over-all picture is all that is important 
here. 


You may want to recommend to interested students the brilliant six-page essay on this 
topic, On Being the Right Size”, by J. B. S. Haldane. It is available among other places 


in Volume II of the World of Mathematics. : You can also suggest that they view with a 
critical eye (from the physicists’ s viewpoint) the horrific movies which, in their portrayal 
of creatures from remote lagoons and outer space, violate most of the natural laws dis- 
cussed in this section. Problem 19 of HDL is a start in this direction. 


James R. Newman, editor, ‘‘On Being the Ri M i 
Vol. II, Simon and Schuster, New York, ere 1850 World of Mathematics, 
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Chapter 4 - Functions and Scaling 
For Home, Desk and Lab — Answers to Problems 


The following table classifies problems according to their estimated level of 


difficulty and the sections to 
very simple scaling factors 


Problems which are especially suited to class discussion are indicated. Problems which 


which they relate. Many of the early problems introduce 
as an introduction to the work on scaling in Section 4. 


are particularly recommended are marked with an asterisk (*). 


Answers to all problems which call for a numerical or Short answer are given following 
the table. Detailed solutions are given on pages 4-10 to 4-24. 


SHORT ANSWERS 


d 


10. 


200 sheets: 16 mm; 300 sheets: 24 mm; 
600 sheets: 


(a) 
(b) 


48 mm. 


See graph on page 4-10. 
The points cannot be joined by a 
smooth line. : 


. A increased by a factor 4. 


See discussion on page 4-11. 


(a) 
(b) 


1.0 m. 
1.41 m. 


31/3 = 1. 44. 


See table in detailed solution. 

See graph on page 4-14. 

h= 40 m; D= 22.5 km; 

h = 70 m; D & 30 km. 

Plot Dversus Vh or D* versus h. 


Yes. j ; 
See discussion on page 4-15. 
See graph on page 4-16. 

See graph and discussion on 
page 4-16. 

69 atmospheres. 

See graph on page 4-18. 
Yes, for large values of h. 
32 atmospheres. 

3 * 107° atmospheres. Not on this 
evidence. 


16. 


17. 
18. 


19. 


20. 
21. 


22. 


5*, 16, 18* 
20*, 22 


20 cm from one bulb, and 40 cm 
from the other bulb. 


18. 

(a) 2.56. 

(b (2.56)? = 6.55. 
22 meters. 


(a) Increased 8 times. 
(b). Decreased by factor 2. 


(a) 1.26] or (a) 1.41 
(b) 2 (b) 2.83 
See discüssion on page 4-21. 


1.59 meters on an edge. 

See discussion on page 4- 22. 

3x 102. This compares favorably 
with the stated food intake ratio. 
See discussion on page 4-23. 


(a) .224 cm. 
(b) 1.12 cm. 


Pillars 630 cm in diameter. The 
tank will hold 1000 times as much 
Water. 
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D 


PROBLEM 1 The total thickness of 500 pe ofa 1 A 
sample of paper is 40 mm. uming that they 
are of uniform thickness, plot a graph of the total 
thickness against the number of sheets, From 
your graph determine the thickness of 200 sheets. 
Of 300 Of 600 sheets. 


This problem is best used as a simple exercise in graphing. However, it is probably i 
too much to expect that students will not verify their answers by mental arithmetic. 


Most students will see intuitively that the thickness, t, will be proportional to the 
number of sheets, n, (t o n). The graph of t versus n is thus a straight line passing 
through the origin (zero sheets have zero thickness). We are given one other point: 
n= 500 corresponds to t= 40 mm. The straight line is determined by these two points. 


100 200 300 400 500 600 


The thicknesses for 200, 300 and 600 sheets may then be read off. 


PROBLEM 2 A book is to have a total of 600 pages. 
(a) Plot the thickness of.the book apainst the 
thickness of each sheet of paper (1 sheet is 2 
pages) assuming that the paper is available in 
a, mined from 0.060 mm to 0.120 mm. 

y, paper is available only in certain 
specified e If we enim that the 
thicknesses are multiples of 0.005 mm between 
these two limits, can we connect the points of our 
graph with à smooth line? Why? 


_ Part (a) is to be treated as a problem in graphing. Part (b) i i 
casa where interpolation is not warranted. ioe aoe 


a) We know that the thickness of 300 identical she 
: ets of paper will be proportional to 
pud 5 of one sheet, so that the graph of total thickness, T, 1 5 kasaa of 
79 eni t, will be a straight line. In fact, we can see immediately that T = 300 t. 
graph can be drawn by connecting the two points t = .060 mm, T = 18 mm; and 


t= .120 T= 
iid Pm de Da m mm. The thickness T for any intermediate value of t can then be 
: 40 


30 
T in mm 
20 


10 
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For students who have not had much graphing experience, scale choice may present 
some problems. T and t both have units of mm, and some students will feel that the 
vertical and horizontal scales should be the same. Point out to them that T and t are 
different quantities: one is total thickness,. the other the thickness of one sheet. Although 
they happen to have the same units, the scales for each can still be chosen arbitrarily, 
and independently. 

b) With the relationship T = 300 t, one usually assumes that t can be any value, and 
the corresponding value of T is determined by the equation or the graph. In this problem 
the physical situation restricts t to the values .060 mm, . 065 mm, .070 mm, etc. The 
intermediate values of t on a line running through these points correspond to physical 


a line. 


PROBLEM 3 The total surface area of a rectangular solid is the 
sum of the areas of the six faces. If each dimen- 
sion of a given rectangular solid is doubled, what 
effect does this have on the total surface area? 


This problem provides an easy preliminary example on how scaling of linear dimen- 
sions affects areas. : 

It is unnecessary to make a detailed calculation. Each face of the solid is a rectangle 
with each side double the original length. The area of each face is thus increased by a 


a factor 4 e25. Therefore, the total area also is increased by a factor 4. 


PROBLEM 4 Carefully plot the area of a square against length 
of side for lengths from 1 to 10. (This may be 
used as a square-root table in solving other prob- 
lems.) 


This problem gives practice in graph plotting, enables visualizing the second-power 
law graph, and provides an opportunity to discuss power-of-ten problems when taking 
square roots. 7 


The students should use a full page of graph paper, choose their scales to utilize the 
whole sheet, and draw a careful graph. 


The graph can be used to find the square of any number, simply by expressing the 
number as the product of a number between 1 and 10 times the appropriate power of 10, 


noting that o? = jum for any value of n, positive or negative. 

In finding the square root of a number, it is most convenient to express the number 
in power-of-ten notation using an even power of ten, since fio? - 107 jj is which is 
simple if nis even. Thus, to find 77500, we could write 

UU /s X 10° =10V75 = 87, 
or ADO = 0.75% 10 = 10070. 75 = 87. 


Similarly, V750 =/7.5%10° =10V7.5 = 2T. 


It will be helpful to give students practice with negative powers-of-ten. For example, 
ask them to find the square root of . 75 and .075. j 

After students have practiced using 2 graph of squares an interesting class activity 
is to have them put away the graphs and use their knowledge of powers-of-ten and 
memory of the graphs to make rough estimates of squares and square roots. 
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5 The volume of one cylinder is eight times the 
ennt volume of another similar cylinder. 
(a) If the circumference of the base of the 
smaller cylinder is 0.5 m, what is the circumference 
of the base of the larger cylinder? 
(b) If another cylinder, also having eight times 
the volume, has the same height as the smaller cyl- 
inder, what is the circumference of its base? 
The volume of a cylinder is equal to the base area, A, times the height, h. 
V= Ah 
a) The cylinders (1) and (2) (cylinder 1 is the larger of the two) are similar, i.e., 
all corresponding linear dimensions are in the same proportion. Thus, if 11 and 72 


are the radii, and hy and h, the heights, then 
u . 


(a is the constant of linear proportionality) 
= a T ‘ 


2 
2 „ 
Since AS Tr. A1 1 ar =a A, 
so that : V= PL Xa Za y 
Lr 2 2 
Since we are given that VI 8 Va- then 8 and a = 2. 


‘Circumference of the base C is equal to 27r, so C - ?mr4 = 278r, = ac. 


2 
Hence, C, = 2C,. We need not have worked this out explicitly: since circumference is 


a linear dimension, it must also scale by a factor a= 2. The circumference of the 
larger cylinder is thus .5 X2=1.0 m. 


b) Now the heights are the same. Suppose the radii scale by a factor b. 
2 
41 b A, 
V, = Ah. =b? A, X h. = b? V 
ror Aie MC Vas 
Since we are given that 1 =8 Vo 


»-g 
b- 2/2 T 2.83. 
The circumference of the larger cylinder is . 5X 2. 83 = 1.41 m. 


PROBLEM 6 A hollow metal sphere has a wall thickness of 2 
cin. If you increase both the diameter and thick- 
ness of this sphere so that the overall volume is 
three times the original overall volume, how thick 
will the shell of the new sphere be? 

To handle this problem, we must assume that the o 
and all other linear properties of the sphere are scale 
this factor is a. ; 


utside diameter, the thickness, 
d up by the same factor. Suppose 
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The new diameter d’ is a times the old one, d. The new volume V’ thus depends on 
the original volume as follows: 


„242/4033400 3 
V: -i«(£) =a $«(3) a V. 


Since we are given that V’ = 3V, then a = 3, anda= 317 sz 1.44. The new thickness 
will be 1. 44 times the old one. 


E Some students may tend to think that since the thickness increases, the inside 
diameter does not. You may have to draw a cross section on the blackboard to convince 
them that all linear dimensions scale by the same factor. 


PROBLEM 7 The range of a television station is a function of 
the height of the antenna. The range is given by 
the formula D = 3.56 Vh, where D is the 
in kilometers and h is the height of the antenna in 
meters. 

(a) Calculate the range for antenna heights of 
10 meters, 20 m, 30 m, and 50 m. 
(b) Plot the range against the antenna height. 
(c) Can you determine from the graph the 
for an antenna height of 40 m? 70 m? 
(d) How would you plot the data to get a 
straight-line graph? 


This interesting practical próblem involves obtaining tables from a given equation, 
and graphing. Students who are overcautious about significant figures may get in a 
wrangle. The question of significant figures should be regarded from a practical point 
of view: in part a) heights are given as 10, 20, ----meters, but in setting up an antenna 
you can probably adjust its height accurately to less than 10 cm. So assume that these 
are 10.0, 20.0,----, and give the values of Yh and D accordingly. (The accuracy of 
the formula depends sensitively on the assumption that the earth’ s surface is that of a 
perfect sphere. Local variations in terrain can make quite a difference, as you may 
have found when erecting your own television antenna for fringe reception.) 


a) The values required are given in the following table: 


Height in m 10 20 30 50 
JE 3.16 4.47 5.48 7.07 
Range in km l 11.3 15.9 19.5 25.2 


b) and c) The graph is smooth. To maintain interest, ask the students to draw 
it using only the above points, using their judgment as to how it goes in between 30 
and 50 m, and above 50 m. Their interpolated value at 40 km, and their extrapolated 
value at 70 km, can then be checked by using the equation. 
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h 70 m 


30 


10 


10 20 30 40 50 60 70 


h--meters 


Some students may have observed that the curve they have drawn looks like the 
second~power law curve if it is tipped on its side. This is exactly right: since 


D=3.56Vh, D = (3. 56)" b, go if we plotted h vertically and D horizontally, we 
should get the second-power law curve (a parabola). This gives us a clue,as to what 


to plot in order to get a straight line. We om either plot D against YR or D. against h- 
Im both cases, the second-power law graph of Problem 4 is useful either to obtain 


from h or D from D°. We oan then determine D for any h from our two graphs. 


Note: the relation D = 3.56 VK can be deduced by geometry, by making the assump- 
1 — — tion that h is much less than the radius of the 
earth. By Pythagoras’ theorem, 


h D +R,” = (a+ Ry)” 


- b + AR, +R, 
Rg radius of earth E 


and if we neglect the term n compared with 
2h Ry we get 
2 


D 2R h. 


E 
Inserting Ry, 7 6400 km, we get the relation given in the text. Some of your more 
inquisitive students might be interested in seeing this approximate derivation. 


PROBLEM 8 Solid materials resist the application of forces 
_tending to distort them. Clamp a meter stick to 
a table and various known weights from the 
end. Measure the amount of bending in each case 
and plot these values against the corresponding 
weight. 

(8) Docs your graph suggest that the amount 
of distortion is directly proportional to the weights 
applied? 

(b) Does this relation hold for extremely small 
weights? Large weights? 
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A wooden meter stick was clamped to a desk as shown below with 95 cm beyond the 
edge of the table. As weights were hung on a wire attached to the end of the meter stick, 
the distances from the floor to the end of the meter stick were measured. The table and 

below show the results of these measurements. Caution.—Our meter stick cracked 
under a 1200 gm load without much indication of being close to the yield point. 


Weight Vertical Distortion 
(gm) Position (cm) 


(cm) 
0 16.6 0 
50 15.5 1.1 

100 14.5 2.1 

150 13.4 3.2 

200 72.4 4.2 

250 71.3 5.3 

300 10.3 6.3 

350 69.2 1.4 

400 68.1 8.5 

450 67.1 9.5 

500 66.0 10.6 

550 65.0 11.6 

600 64.0 12.6 3 

650 62.9 13.7 4 

700 61.0 14.6 

750 60.9 15.7 20 

800 60.0 16.6 

850 59.0 17.6 E 16 

900 58.0 18.6 ' 

950 57.0 19.6 8 

1000 56.1 20. 5 912 

1050 55.2 21.4 5 

1100 54.3 22.3 $8 

1150 53.4 23.2 3 
4 
0 
0 500 1000 


weight--gm 


a) The graph of distortion vs. weight is nearly a straight line so it appears that 
the distortion is directly proportional to the weights applied. 


b) Since the graph shows a straight line relationship at the lower end it may be 
presumed that one could interpolate for distortions of very small weights. However, 
for weights of 1, 2, or even 5 grams a method of measuring more precisely than that 
shown would be needed as these weights produced very small distortions. From about 
600 gm to a 1000 gm the displacement increased at a lower rate than for smaller weights. 
In the last few readings from 1000 gm to 1150 gm a slightly lower distortion rate was 
noted, and at 1200 gm the stick cracked. i 


It appears that if one could accurately determine the position of the end of the meter 
stick, the proportional relation would hold for small weights but not for large weights. 
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PROBLEM 9 (a) The temperature at which a liquid boils 
depends the air pressure acting on its surface. 
Pix the pron and the boiling 
temperatures of water from the data in the follow- 
ing table. 


One is the pressure exerted by the E 
air at sea level.) 


TEMP. PRESSURE TEMP. PRESSURE 

(deg. C.) (atmospheres) (deg. C.) (atmospheres) 
6.05 x 10 70 3.12 x 10 

1.21 X 10-7 80 4.67 X 107! 

2.30 x 107* 90 6.92 x 107! 

4.20 x 107 100 1.00 

7.30 x 10-7 110 1.43 

1.22 x 10-1 120 1.96 

1.97 x 107! 130 2.67 


888885 


(b) Notice that your graph does not present 
the data for low pressures clearly. Make a 
special plot for temperatures up to 60°. What 
do you observe? 

(c) The starch in potatoes will not convert to 
the edible form at temperatures of less than about 
90°C. What is the lowest pressure where pota- 
toes may be cooked by boiling in an open pan? 


This problem provides experience in graphing with a new, unfamiliar law. 


a) Ina plot of atmospheric pressure against temperature, the low-temperature 
points correspond to pressures so small that they appear as zero on the graph. Hence, 
in part b), it is necessary to make another graph for the low-temperature region. ; 


. 120 

o 

9 100 

m 

v 

D 80 

LI 

v9 

E 60 

1 

8. 40 

5 

As 20 
0 

0 


1 2 
Pressure--atmos pheres 


b) The interesting feature of the two graphs is that they are very similar: the rough 
shape of the curve is still the Same, although we are now plotting only the lower half'of 
the temperature scale. 
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Temperature -degree C. 
Yy g 


m 
D 


0 0.04 0.08 0.12 0.16 0.20 
Pressure--atmospheres 


c) -The answer can be given by looking at the table, without reference to the graph. 
Water boils at 90°C (i.e., you can’t heat it to a higher temperature than 90° in an open 
pan) when the atmospheric pressure is about 0. 69 atmospheres. 


If Problem 10 is done with this problem, the results of the two problems can be 
combined to deduce the temperatures of boiling water at various heights above sea- 
level, important information for would-be mountain climbers. 


Note on a better way to plot the data: 


With data in which the dependent quantity varies smoothly but very rapidly, it is 
often helpful to plot the logarithm of the rapidly varying quantity. (The effect can also 
be achieved by using semi-log graph paper.) With the data of this problem, a graph 
of logio P versus T is very smooth, not quite a straight line. Interpolation over 


the whole range of T is now convenient. 


PROBLEM 10 The pressure of the atmosphere decreases as the 
altitude increases. At sea level the pressure is one 
atmosphere and at approximately 5500 meters, 
the pressure is 0.5 atmospheres. It con- 
tinues to decrease by approximately half with 
each increase of 5500 meters up to 16,000 m. 

(a) Plot the pressure P in atmospheres as a 
function of altitude A in meters. 

(b) Is the representation improved by plotting 
1/P? 

0 What is the pressure at the top of Mt. 

Everest (8800 meters)? 

(d) What is the pressure in atmospheres at an 
altitude of 100 kilometers? Do you believe your 
answer? 


This problem will help students see that translating physical information into graphs, 
helps in visualizing the physics of the situation. The problem can be combined with 
Problem 9, to produce interesting new information. 
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© P versus A 


a) 
1.00 A 1/P versus A A 8 
— 
1 
T 
2 o 
: : 
9 2 
E : 
8 g 
B 50 $8 
1 1 
È Mt. Everest T 
3 32 A 
3 25 2 8 
m o 
1 & 
0 
0 5, 000 10, 000 15,000 20, 000 


altitude--meters 


b) We have used the same horizontal scale for 1/P versus A. The two curves are 


very similar, and complement each other in that at small altitudes, where the P versus A 


curve is eagy to read, the 1/P versus A curve is compressed, and hard to read. At 
large altitudes the reverse is true. So there is some use in plotting 1/P versus A, to 
display the behavior in the large-A region. 2 


c) From the P graph, the pressure at the top of Mount Everest is 0.32 atmospheres. 
(The same information can be read from the 1/P graph.) 


d) We have not carried on the horizontal scale to include 100 km = 100, 000 m. . If 


the stated dependence were assumed to persist up to this altitude, the pressure would be 
1, 100,000 6 


(2) 5. 500 * 3X10 atmospheres. It would be impossible to read this from a graph 
Such as we have drawn. In fact, the dependence is given as reliable only up to 16 km in 


altitude, and we have gone far beyond this point. This result is therefore not to be be- 
lieved. j 


Connection with Problem 9: 


In Problem 9 we found the temperature of boiling water as a function of atmospheric 
pressure. Here we have the atmospheric pressure as a function of altitude. By using 
both graphs, we can give the temperature of boiling water as a function of the altitude. 
In fact, a graph of T versus A can be constructed. It turns out to be much more slowly 
varying than either of.the curves T versus P, or P versus A. This is because P is the 
rapidly varying quantity in each.case, and we have eliminated it. 


Note that, as in Problem 9, a plot of log P versus A will be much smoother than the 
curves we have drawn. In fact, it is a straight line in this case. 


PROBLEM 11 If two identical lamps are 60 cm apart, where 
; should a screen be placed between them so that 
the intensity on one side of the screen is four times 

the intensity on the other side? 


The lamps are identical, so I= + for each lamp, with the same constant of 


——— 
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proportionality. We are given 


SE LT 
1 


1 


PROBLEM 12 A small source of light is placed between two 
pue white screens (S, and S, It is 15 cm 
rom S, and 45 cm from S, An absorbing filter 
that allows one half the light that falls upon it to - 
pass through is placed between the light source 
and S.. What is the ratio of the intensitics'of the 
light that falls on S. and S.? 


Absorbing filter 
1 — Q — 2 
dA 


15 em. — — 4$ em 


Suppose that the intensity law for the lamp, without filter, is 
d 
This is what applies to the illumination of 8i- For S, only half of the intensity gets 


through the filter. So for S5. the intensity law is 


1 Kk 
1525 
2 358 
1 k 
Thus, I, = 1. 3 5 d 
1 492 2 ? (450 
i 2 
and os PLE 
I 2 
$ 5 I5 


This is simply a formal way of saying: One the grounds of distance alone, the ratio of 


distances being 3:1, the intensity ratio would be 32.1 - 9:1. But because the intensity 
on the more distance screen is reduced by the filter to 1/2, the ratio is 18:1. 
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A ship sends out a sonar signal (a short pulse of 
sound that radiates uniformly in all directions). 
There are two nearly identical icebergs nearby, 
One is 500 m to the north and the other is 800 m 
to the east. In reflecting this signal back to the 
ship, each iceberg acts as a new sound source. 

(a) What is the ratio of the intensity of thesound 
received at the nearer iceberg to that received at 
the further iceberg? 

(b) What is the ratio of the intensity of the echo 
received at the ship from the near iceberg to that 
received from the far iceberg? 


This is a rather hard problem in the application of the inverse square law. (We are 
given that the sonar pulse radiates in all directions, and since it will presumably travel 
in straight lines, we are to apply the inverse square law.) 


a) Since I «o, 


500 m 


(3 
ad s 


the sound intensity that a polar bear on the N iceberg hears is 


(590) * 2.56 more 


b) The sonar pulse will be reflected from each iceberg, 


intense than that heard by his cousin on the E iceberg. 


and because they are nearly 


identical, we assume that the same proportion of the intensity incident on each berg is 


reflected. The reflected pulse from N has thus 2.56 times 
E. Each pulse will decrease in intensity according to the + law as it radiates from each 
d 


the intensity of the pulse from 


berg. If Ix and Ig are the intensities of these reflected pulses, then at distances dx 
and dg from each berg, 


The echo from the nearer iceberg will thus be 6. 
further one. For bergs of equal reflecting abilit 


thus varies as 1/ a^, an inverse fourth-power la: 
is a very useful property of devices of this kind. 


PROBLEM 14 


2 
3 d 
x N 


A fireman holds a high-pressure hose 2.5 meters 
from the midpoint of the wall of a building and 
finds that he can wet a circular area of 0.5 square 
meter on the wall. If the building is 7 meters 
wide, how far must he stand from the building so 
as to wet its entire width? 


I. 2. 56 BL = (2. 56)? = 6.55. 
d 


55 times as intense as that from the 
y, the intensity of the reflected pulse 


- This rapid dependence on distance 


Pw 
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Assume that the water diverges in straight lines from the end of the hose. 


The diameters of the areas covered will be in proportion to their distances from 
the nozzle: D,/ D, - di⸗ d. We are asked to find d. We are given D, and di directly, 


but instead of D, we are given the area of the circle for which D is the diameter. 
To derive D, from the area, A=7 (,/27, or D, = Uf = V273.14 = 0.8 meters. 


Then in D,/D, = d,/d,, 0.8/7 = 2. 5/d,, and d, - 22 m. The fireman must stand 
22 meters from the building. 


PROBLEM 15 If your height and all your other dimensions were 
doubled, by what factor would this change 
(a) your weight? 
(b) the ability of your leg bones to support your 
weight? 


a) Weight increases proportionally to volume, and if the linear dimensions of a body 


are scaled up by a factor 2, the volume increases by a factor 23 = 8. A student eleven 
or twelve feet high would weight about 1200 lbs! 


b) The cross sectional area of the leg bones would increase by a factor 22 = 4. The 
strength of your legs would increase by this factor, but your weight would increase by 
a factor 8. Thus the strength to weight ratio would be halved. This would be inconven- 
ient but not impossible (a man can carry his own weight on his back). 


PROBLEM 16 The leg bones of one animal are twice as strong 
as those of another closely related animal of 


similar shape. 

(a) what would you expect to be the ratio of 
these animals’ heights? 

(b) what would you expect to be the ratio of 
their weights? 

The answer to this problem will depend upon how students interpret ‘‘of similar 
shape’’. If this phrase is interpreted to mean that the two animals are geometrically 
exactly similar (all linear dimensions in the same proportion), answer number 1 
follows. If the phrase is interpreted, as it often is in common usage, to mean 
**pretty much alike", answer 2 is logical. 


Answer number 1. In this answer we assume that ‘‘of similar shape” means that 
all linear dimensions differ by the same factor. While the two animals would be 
geometrically similar, the smaller animal would have a greater strength to weight 
ratio. 

a) Since the animals’ bone strengths differ by a factor 2, the cross sectional area 
of the bones must differ by a factor 2. Then all linear dimensions would differ by a 
factor VZ = 1.41. Thus the animals’ heights would differ by a factor 1.41. 
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3 
b) The animals' weights would differ by a factor (V2) = 2.83. 


Answer number 2. Since we know the animals' bone strengths differ by a factor 2, 
we might assume that this difference also represents the difference in weight (or 
volume) between the two animals. In this case, the two animals would not be geometric- 
ally similar but would have the same strength to weight ratios. 


a) If their volumes differ by a factor 2, their heights (and all linear dimensions 
except for those relating to the cross sectional area of bones which are given as differing 


by a factor v2) differ by a factor 3/2 = 1,26. 
b) The animals’ weights would differ by a factor 2. 


PROBLEM 17 A square column 15 cm by 15 cm can barely sup- 
port a cube 1.0 m on an edge, What size cube 
can be supported by a column 30 cm by 30 cm 
made of the same material? : 


f If the column’ s linear dimensions are doubled, its cross sectional area, and 
therefore its strength, are increased by a factor 4. The weight of the supported cube 
can thus be increased by a factor 4. This means that the linear dimension of the load 


(a cube) can be increased by a factor 47 uU 59. Thus a cube of side 1. 59 m can be 
supported by the 30 cm X 30 cm column. 


PROBLEM 18 A hummingbird must eat very frequently and even 
then must have a highly concentrated form of food 
such as sugar. What does the concept of scaling 
tell you about the size of a hummingbird? 


Food enables a body to do work, like moving itself around, and for warm-blooded 
animals also provides heat to maintain body-temperature at a fixed level. The food-for- 
movement requirements will be roughly proportional to the weight of the animal, the 
food-for-heat requirements will be proportional to the animal“ s surface area. If we 
are given that an animal needs a large amount of food in proportion to its weight, we 
deduce that the ratio of its surface area to its volume is large, i.e., that it is a very 
small animal. Hummingbirds are small animals. à 


PROBLEM 19 According to the zoo, an elephant of mass 4.0 
X 108 kg consumes 3 4 X 10? times as much food 
as a guinea pig of mass 0.70 kg. They are both 
warm-blooded, plant-eating, similarly shaped 
animals. Find the ratio of their surface areas, 
which is approximately the ratio of their heat 
losses, and compare it with the known ratio of 
food consumed. 


If students don't note it, it may be worthwhile to point out the 
be made here: That the density of an elephant and a pics pig is quiet opel ru 
density has not yet been discussed, you can point out that we must assume that the 
weight per unit volume is about the same for elephants and guinea pigs (à cubic inch 
of elephant weighs the same as a cubic inch of guinea pig). Assuming this, their 
volumes would be in the same proportion as their weights: j 


4 * 10? kg/ o. 7 kg & 5. 7 x 10°, 


The ratio of their linear dimensions would be ij 5. 7 X 10° ~18. The ratio of their 
2 
surface areas would be 18 X 3X10". This compares favorably with the stated ratio 


of their food intakes: 3.4 X 102. 


— veut 


whe 


——— 
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PROBLEM 20 Horror movies sometimes present a creature such 
as a spider large enough to devour a human being. 
Is such a creature a possibility? Why? 


We might assume a man-size spider would be big enough to devour a human being. 
Taking a spider as about 2 cm in length, and a man as 180 cm, the horror creature 
would require an enlargement ratio of nearly 100:1. This would increase the creature’ 5 


weight by a factor of 100° = 10° (weight œ 15. The cross sectional area of the skeletal 


* or supporting strueture would be increased by a factor of 1002 = 105 (strength c L5. 
Thus the skeletal structure would be suited to the support of only 1/100th of the weight. 
Any adjustment in cross sectional area to increase the supporting strength would lead 
to a very differently proportioned Spider. 


One might argue that the size could be achieved by using air spaces and thin tub = 
struts for extra support. Such a creature would be much too fragile to devour a mai: 


Students may worry about the fact that we are not dealing with solid bones, but an 
exoskeleton-the tubular shell of an insect. But if all of the animals’ dimensions are 
scaled up by a factor 100, both the thickness of the shell and its circumference go up 
by a factor 100. Since the cross sectional area of the material forming a tube is equal . 
to the thickness X circumference, increasing both these dimensions by 100 increases the ` 


cross sectional area (and the strength) by the square of the scaling factor. 


It may be fun to play with this example a little further. For our 2 cm spider we' 
might assume that at a given point on its leg, the diameter is 0.5 mm, and the thickness 
of the shell“ (chitin) is 0.05 mm. Fora tubular structure the cross sectional area 
is approximated by circumference X thickness. Thus the cross sectional area of the 


spider leg at this particular point would be A y T = 7X0.5X0.05 = 0.025 T mm". 
If our spider is scaled up by a factor 100, the volume and weight are increased by à 


factor 100° = 109. Hence, for our scaled-up spider to have the same strength to 
weight ratio as our ‘‘normal’’ spider, the cross sectional area at a comparable point 


on the leg would have to be 10° x .025 m z2.5X 104 ite”) But, to keep our big 


spider to scale, the leg diameter at this point will be only 100 X 0. 5 mm = 50 mm. 
Even if the leg at this point were solid, so as to provide maximum strength, but leaving 
no room for muscle and other tissue, its cross sectional area would be : n 


A xar. 


= 7 X (25 mm) 
ES 3 2 
& 2 * 10 mm. 


This falls far short of the 2.5 X 104 mu required to provide the needed strength 
for our scaled up spider. We must conclude that a spider that was scaled up by a factor 
100 would have to look more like a baby elephant than a spider. 


PROBLEM 21 A. sphere of iron is suspended from a wire, 0.1 
cm in diameter, which is just strong enough to 
support it. What must be the diameter of the 
wire needed to support a ‘similar iron’ sphere 
having 

(a). five times the original volume? 
(b) five times the original diameter? 


a) If the volume is increased five times, the weight is increased by eee factor. 
The strength of the wire is proportional to its area, i.e., to its (diameter) . Hence, 
the diameter must be increased by a factor 5 2 2. 24. It must now be .224 cm. 
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b) If the diameter of the sphere is increased by a factor 5, its weight is increased 
by a factor ^ The diameter of the wire must therefore be increased by a factor 
(5°) ue 11.2. It must now be 1.12 cm in diameter. 


PROBLEM 22 A rectangular water tank is supported above the 
ground by four pillars 5 meters long whose diam- 
eters are 20 cm. If the tank were made ten times 
longer, wider, and deeper, what diameter pillars 
would be needed? How much more water would 
the tank hold? 


The weight of the tank will be increased by the cube of the factor by which the linear 
dimensions are increased, i.e., by 10°, The cross sectional area of the pillars must 
be increased by a factor 10° to support this increased weight. Their diameter must 
be increased by a factor 10°/ 2 281:6. They must now be630 cm in diameter. 


The tank will now hold 10° times as much water. 


. Note that the height of the pillars is immaterial. Their strength depends only on 
their cross sectional area. 


ar 
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Chapter 5 - Motion Along a Path 


The ideas of time and distance measurement developed in Chapters 2 and 3 are applied 
in Chapters 5 and 6 to the description of motion. In Chapter 5 the study of kinematics is 
limited to motion along a path; and the relevant concepts such as speed, acceleration, etc., 
are defined for simple one-dimensional motion. In Chapter 6 these ideas are extended to 
motion in three-dimensional space through the introduction of vectors. 


In the design of the course, kinematics is introduced at this point because it is natural, 
to provide a ‘‘soaking in“ period before studying dynamics in Part 3, and to break up a 
rather lcug sequence of somewhat formal subject matter if kinematics and dynamics are 
taken up sequentially. Some of the concepts introduced here will be used in Part 2 and 
much of the material will be reviewed at the beginning of Part 3. 


In developing the fundamental concepts of kinematics in Chapters 5 and 6, trigonometry 
and caleulus are not assumed to be part of the student' s background; instead, the develop- 
ment relies heavily on graphical constructions. In addition to providing a means for cal- 
culating various aspects of motion, graphical presentation has a major advantage over 
analytical methods in furnishing a ''picture'' of what is actually going on in kinematic prob- 
lems. Students at this level can handle problems graphically which ordinarily would be 
difficult for beginning students in calculus. 


Graphical analysis should be made a quantitative approach. Students should be urged 
to draw accurate graphs and make precise measurements of the slopes of lines and of 
areas under curves. Their ability to relate algebraic and graphical approaches should 
grow as they proceed through these chapters, but not all students can be expected to be- 
come familiar with purely algebraic methods the first time through. 


CHAPTER SUMMARY 

The two principal topics of this chapter are speed and acceleration, both defined for 
one-dimensional motion. We begin with the concept of speed, assuming that it is a natural 
notion for the student. The distance traveled is given by the area under a graph of speed 
vs. time, and speed is given by the slope of a graph of distance vs. time. Acceleration is 
defined in terms of changes of speed, and is shown to be the slope of a speed-time graph. 
For instructional purposes, the nine sections of this chapter can be grouped conveniently 
as follows: 


Sections 1 and 2 The first sections of the chapter review the basic notion that dis- 
tance equals the product of speed and time, and introduce the idea of a graph of speed vs. 
time as a useful record for a trip. The distance traveled during the trip is given by the 
area under the speed-time graph both for constant and for varying speed. : 


Section 3 through 5 Graphical constructions are extended to plots of distance vs. 
time, and the instantaneous speed is shown to be given by the slope of the distance-time 


graph. Speed is a signed (positive or negative) quantity, where the sign indicates the di- 
rection along the path. Both constant and varying speeds are discussed. 


Sections 6 and 7 Acceleration is introduced as the change of speed which occurs in a 
given time. Acceleration is noted as given by the slope of a graph of speed vs. time. The : 
graphical construction techniques provide a base for the derivation of a number of useful 
algebraic relations for handling motion with constant acceleration. 


Sections 8 and 9 Section 8 describes the principle of measuring distance by timing 
the round trip of a signal which has a known speed. Section 9 summarizes the chapter. 


SCHEDULING CHAPTER 5 
Chapters 5 and 6 include a great deal of new and important material which will require 


an extensive amount of class time for a full, quantitative development. Considerable time 
Should be given to the solution of problems, both in and out of class. For this reason, the 
Guide contains a few supplementary problems, which may be used for quizzes or for class 
discussion. Reading assignments should generally precede class discussion. 


Sections 1 and 2 make a good single reading assignment. Sections 3 through 5 can be 
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handled as a second reading assignment, perhaps after some of the ideas of these sections 
have been developed in class during discussion of the earlier sections. Study of Section 6 
should precede class discussion of acceleration, but you may wish to have a class discus- 
sion of the formulas given in Section 7 before assigning this section for reading. At the 
conclusion of the chapter, about two periods spent in review and problem solving will in- 
crease students’ facility with both graphical and algebraic techniques for handling kine- 
matic problems. Problem 22 in HDL is particularly appropriate, since it utilizes both 
algebraic and graphical methods for solution. Section 8, if discussed in class, can be 
taken up during such a review. The film ‘‘Straight Line Kinematics’’, is useful in sum- 
marizing the chapter (the first part of the film can be used as an introduction). 


The following table suggests possible schedules for this chapter, consistent with the 
schedules outlined in the summary section for Part 1. Sections which are enclosed by 
brackets [] can be deemphasized or skipped in class discussion without loss of continuity. 


6-week or 10-week schedule for Part 1 


Lab 
Periods 


1 15 (any time after 


oo o 
RELATED MATERIALS FOR CHAPTER 5 


Laboratory. Experiment I-5 - Motion: Speed and Acceleration. This experiment uses 
the paper tape timer to provide data for the construction of distance, speed, and accelera- 
tion vs. time graphs. The experiment will contribute markedly to giving concrete mean- 
ing to the ideas of Chapter 5. It may be performed any time after completion of Section 3 
See the yellow pages on Experiment I-5 for suggestions. : à 


Experiment 


Home, Desk and Lab. The following table classifies problems i- 
mated level of difficulty and the sections to which they MARS. M E oye S all : 
suited to class discussion are indicated. Problems which are particularly Bi. 
are marked with an asterisk (*). Problems 16 and 17 comprise a pair which tests the ke 
concepts of the chapter. Answers to problems are given in the green pages: short E 
on page 5-17 ; detailed comments. and solutions on page 5-18 to 5-39. : 


p 
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Film. Straight Line Kinematics”, by Professor Everett Hafner, University of 
Rochester. This film develops the relations between distance, speed, and acceleration 
by measurement in a car traveling along a highway. A wheel trailing behind the car is 
geared to three recording meters which indicate the values of distance, speed and accel- 
eration as functions of time while the car is speeding up, traveling at a steady rate, and 
slowing down. After calibrating the instruments and gathering data, the instructor-driver 
returns to the classroom for analysis of the graphs. Running time: 33 minutes. 


The film can be used in at least two ways. A Summary and review of the chapter can 
be built around the film. Alternatively, the first part of the film (up to the return to the 
classroom) can be used as an excellent introduction to the chapter, making real to students 
the production of graphs of distance, speed and acceleration versus time. The second part 
of the film goes a bit fast if used before the students have had a chance to discuss simpler 
types of motion in class. 


Section 1 - Speed and Distance 
Section 2 - Varying Speeds 


PURPOSE To show that the area under a graph of speed vs. time for a trip gives the dis- 
tance traveled. 


CONTENT a. d- vt. 
b. Speed vs. time graphs. 
c. Total distance traveled can be found from the area under a Speed-time graph. 
d. Units of ‘‘area’’ in a speed-time graph. 


e. Extension (by a limiting process) of cases of constant speed to cases of continuously 
varying speed. : 


EMPHASIS This is extremely important material and should be developed fully through 
class discussion, problem solving in class, and problem assignments. About two class 
periods will be needed initially, and the material should be reviewed at the end of the 
chapter. Section 8 discusses practical applications (radar and Sonar) of some of the ideas 
in these sections and can be taken up at this point. However, you probably will prefer to 
incorporate Section 8 in your review and summary of the chapter. 


These two sections should be treated as a single unit, since if graphical methods are 
applied only to problems involving constant speed they may seem unnecessarily cumber- 
some. Students should realize that the simple introduction to graphical techniques is lay- 
ing the groundwork for more complicated problems which they cannot solve by simple 
formulas. ; 


COMMENTS In these sections it is assumed that the concept of speed is familiar to 
Students. They should already be able to compute how far a car goes in one half hour if 
it is traveling at 30 miles per hour. The equation d - vt is introduced as a shorthand no- 
tation for this familiar relationship. 


The student who could answer the previous problem easily might stumble if asked how 
far the car went if it traveled at 20 meters per second for 1800 seconds. Since the text 
at this point relies on everyday experience, the more familiar British units have been 
extensively used, rather than the metric units favored generally throughout the text. 


The plotting of a graph can become so mechanical that a student may not realize what 
the graph represents, particularly if he is plotting a quantity like speed against time. 
Some effort must be spent in making sure that the student realizes that the horizontal 
line in Figure 5-1 means that the car is going at a constant speed. The more complicated 
trip of Table I and Figure 5-2 should also be thoroughly understood, particularly that 
Speed is being plotted against time, not, for instance, distance against time. 
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Some students may ask how, in the trip graphed in Figure 5-2, a car can change in- 
stantaneously from one constant speed to another. A real car, under full acceleration, 
can speed up from 30 mph to 50 mph in a few seconds, and while the process is certainly 
not discontinuous, a graph of the motion might indeed be quite like that shown in Figure 5-2. 
This is shown strikingly in the film Straight Line Kinematics”. Students should realize 
that the ‘‘area’’ under the steeply rising portion of the graph, while not zero, is negligible 
in comparision with that under the rest of the graph, so that the idealization is a reason- 
able simplifying assumption. When continuously varying speeds are considered, this re- 
striction can be removed, and any value of speed considered quantitatively. 


The idea that the distance, d, the product of speed and time, vt, can be thought of as 
an ‘‘area’’ on a speed-time graph will probably be new to most students. For the case of 
constant speed, the result is almost trivial, but is, nevertheless, worth considerable 
attention, since the idea that an ‘‘area’’ can have the units of miles may be puzzling. Stu- 
dents also may need help to appreciate that the areas“ in such graphs as Figures (a) and 


(b) below are really the same; the difference in the scale of the drawings does not affect 
the distance traveled in the trip. 


50 100 
& 40 T: 80 
8 30 B 60 
| 20 | 40 
$ 10 $ 20 
2 o 
a 0 ei 0 
100 20 30 40 20 40 60 80 
time -~ hours time -- hours 
(a) (b) 
: One other point may give trouble. The area! which represents the distance traveled 
si 8 area between the speed curve and the axis of zero Speed. See Figures (c) and (d) 
elow. 
E 
40 8. 
— 60 
[I 8 
B 1 
1 1 
i "o 
20 
3 2 40 
A n 
Uu 
0 
20 
a 2 3 1 2 3 
time — hours time -- hours 
(c) j (d) 


Both Figures (c) and (d) are correct graphs of the speed of the car vs. time. By reading 


either graph one can ascertain the Speed of 
of finding the distance traveled by detente Ges NU UE. for the purpose 


6 1 
It is clear that the two shaded areag differ eb rr 
Introduce the idea of a s 


peed which i i : 
the previous work rather than as ee iA EO EUN ital extension of 
the area under any speed- 


y new. The process of showing that 
answer between two mede indue us Hr iac traversed by “squeezing” the final 
1 2 18 iU matics, i 
here. 1f the notion of the limit is made clear no r an "y 

The text employs a two- stage develo 


sented by the ‘‘area’’ under a Speed vs. 


w, later 


pment of the idea 


that dist é 
time curve. ance traveled is repre 


The first stage is the qualitative idea 
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that any curve can be approximated by a stairstep graph which can be handled by the " 
methods of Section 1. The second stage is the more formal and rigorous ''squeezing 
procedure which really proves the assertions of Section 2. 


Frequent blackboard illustration is probably the best way to put across the ideas in 
these sections. With each new example, the students should be asked to describe what is 
happening to the moving object, before proceeding with a more detailed analysis. Do not 
let them forget that these graphs really tell how fast the car is moving at any particular 
time. 


Figure 5-3 shows a car moving at a constantly increasing speed during the first part 
of the time interval. The case of uniform acceleration is particularly important since it 
describes bodies falling near the earth’s surface, and approximately describes many 
other motions. The ‘‘area’’ involved is a trapezoid and can be computed directly. 


Some more complicated cases should be given which must be computed by square 
counting. If the curves are drawn carefully on fine-grid coordinate paper, so that a few 
hundred squares are included in the area between the curve and the axis, this method is 
capable of great precision. You probably can arouse a great deal of interest by asking 
for answers correct to within 3/10 of one percent. 8 


In counting squares or computing to get an ‘‘area’’ which represents distance, care 
always should be taken to emphasize the units involved; miles per hour must be plotted 
against hours if the area is to represent distance in miles, etc. You might drive home 
this idea by giving students a graph of speed in miles per minute against time in Bone 
See how many students fail to convert to consistent time units before finding the area“. 


The technique of determining the distance traveled by taking the area under a curve 
is a simple way of obtaining results which could otherwise be obtained only by use of the 
calculus. The method of measuring areas is of much more general use than just for cal- 
culation of distance from a speed vs. time graph. As a simple illustration, you might 
ask the following question of the class: A car starts a trip using 1/20 gallon of gasoline 
per mile. As the sparkplugs foul up, the car uses more and more gasoline per mile as 
shown in the accompanying graph: 


3/20 


1/10 


1/20 


gallons per mile 


0 100 200 300 400 500 600 


miles 
How many gallons of gasoline were used to travel 500 miles? The shaded area gives 


answer (gallons per mile) X (miles) = (gallons). 
QUIZ QUESTIONS If you decide you need extra problems for class discussion or quizzes, 
the following may be helpful. 

1) A cyclist rides along a straight ro à 
ute, then continues for three more minutes at 1500 feet per minute. 
(6500 feet) 


2) A cyclist starting from rest, speeds up uniformly to a speed of 20 feet per second in 
20 seconds, continues at this speed for 20 seconds, and then slows down uniformly to à 


Stop in 30 seconds. Plot his speed vs. time and determine how far he went. 


the 


ad for two minutes at a speed of 1000 feet per min- 
How far did he go? 


area = 200 ft area = 400 ft 


to 
o 


area = 300 ft 
total = 900 ft 


speed in 
ft per sec 
— 
e 


0 10 20 30 40 50 60 70 
seconds 


3) You can draw almost any kind of speed versus time graph and have the students find 
the distance traveled. An interesting variation is to find the distance traveled between two 
particular times rather than from the start of the trip. 


4) A much more difficult problem which might serve as an introduction to uniform accel- 
eration (Section 7) is the following: A car speeds up uniformly from rest so that it is going 
80 feet per second after 20 seconds. How far does it travel during the first 10 seconds? 
How long does it take to travel 600 feet? 


The first question can be answered by the standard methods of the chapter. After 10 
seconds the car is going 40 feet per second. The speed-time graph is a triangle, so the 
distance traveled during the first ten seconds is 1/2 X 10 sec X 40 ft/sec = 200 ft. The 
Second question is more difficult. It can be approached in several ways. One way: plot 
the speed vs. time and count squares until an area of 600 feet is reached. Another: 
simply try different times. After 14 seconds the car' s speed is 56 ft/sec, and it has 
traveled 1/2 X 56 ft/sec X 14 sec — 392 ft; after 18 seconds, it has traveled 648 ft. Most 
elegant way; every second the car increases its speed by 4 feet per second, so after t 
seconds its speed is 4t ft/sec. The distance traveled in t seconds is then 


1/2 Kt & At- 205 ft. Setting 2 t^ ft 600 ft; t= / 800 = 17.3 seconds. 


Section 3 - Graphs of Distance Versus Time 
Section 4 - Speeds and Directions 
Section 5 - Instantaneous Speed — The Slope of the Tangent Line 


PURPOSE To develop a graphical method of finding the speed from a distance vs. time 
graph, by showing that the instantaneous speed is given by the slope of the graph at any 
point. 


CONTENT a. Construction of a distance vs. time graph. 
b. Identification of the slope of the graph with speed. 
c. Introduction of the ‘‘A’’ symbol. 


d. Positive speed corresponds to an increasing distance from some fixed reference 
point, negative speed to decreasing distance. 


e. Instantaneous speed is defined as the limit of the average speed over a very short 
time interval, as the interval becomes arbitrarily small. 


EMPHASIS This is very important material, and will need at least two days class discus- 
Sion. The identification of the speed with the slope of the curve is much more important 
than the calculus-like notation. Care taken here will help to insure that students do not 
confuse speed with acceleration in later work. 


COMMENT Up to this point, little attention has been paid to the kind of trips being con- 
sidered. Unless instructed otherwise, students may think of the various cars as traveling 
in straight lines. It will be easy to displace this idea by drawing a diagram like that below, 
Showing that the distance d is not necessarily along a straight line, but rather is simply 


Fo E————————ÓÁ— —M — — — 


E 
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a distance measured by mileposts along a road which may be curved. 


The idea of mileposts as a distance scale is introduced to develop the concept that 
distance can be measured in terms of a coordinate system with an arbitrary origin. The 
distance covered during a given time interval need not be measured from some established 
zero, but can be deduced from the difference between two distance markers, each of which 
is measured from a common zero. Students may bring up the idea that the distance traveled 
during a time interval can be measured by the car’ s mileage indicator (odometer) as well 
as by mileposts on the road. This is correct. However, if we extend the discussion to the 
relative positions and motions of two or more cars (When will they pass? Where will they 
pass? Will the car behind catch up before the one ahead reaches Blankville?), we need a 
single distance scale which will apply to all cars. Odometers are not synchronized. Mile- 
posts are simpler. 


DEVELOPMENT Experiment I-5 should be worked in any time after Section 3 is completed. 


The construction of distance-time graphs should go more easily than the construction of 
speed-time graphs. Care may be needed to distinguish between these new distance-time 
graphs and the previous speed-time graphs. This is probably best done by frequently ask- 
ing exactly what is happening to the car at each position represented on the graph. Inten- 
sive and frequent classroom work with graphs is the best way to get this material across. 
You can use a blackboard graph like that shown below as a basis for asking questions about 
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hours 
the physical situation described by the graph: 
Which man is traveling fastest? (B). 
Are all three ever at the same point on the road? (No). 
When B passes A, where is C? (About 1 mile back). 
How far did B travel between the times he passed C and A? (About 2 miles). 


Which men are on bicycles? (B must be riding to cover 9 miles in 0.8 hours. Since 
C' s speed is a little over 5 miles per hour, he at least needs to trot. Since A's speed is 
about 1 1/2 miles per hour, he should be able to walk). 


5-8 


After the class has worked with distance-time graphs, you might put on the board a 
graph using numbers but no physical units (miles or miles per hour) indicated on the 
vertical scale. Ask for the speed of the car at a certain time. Some students will be 
prepared to answer following the previous pattern, while the more cautious ones will 
demand that you complete the graph by telling them what is represented by the vertical 
scale. 

Some classes may have trouble with graphs plotted with different scales, as discussed 
on page 58. To clarify this point, plot two separate graphs, such as those shown below, 
and ask which car goes faster: 


a A a B 

Š 30 2 15 

8 £ 

4/20 & 10 

oO Q 

2 E 

810 E 5 

3 0 zB 

0 77 0 4 

hours hours 


Car B has the ‘‘steepest’’ graph, but the car travels only 15 miles in. 2 hours, hence it 
has a speed of 75 mph, whereas car A goes 30 miles in .3 hours with a speed of 100 mph. 


COMMENTS The word ‘‘speed’’ is often used to represent the magnitude of the velocity 
vector, and as such is a positive quantity, like the reading of a speedometer. However, 
since the word ‘‘velocity’’ is not introduced in its vector sense until Chapter 6, ‘‘speed’’ 
means a one-dimensional ‘‘velocity’’ in Chapter 5. Because speed is identified with the 
slope of a graph, and because a slope can be positive or negative, our ‘‘speed’’ is a 
signed quantity which is not always positive. Students should understand that the sign of 
the speed specifies the direction along the path that the object is moving. If speed is ar- 
bitrarily defined as positive for motion in one direction, the speed is negative for motion 
in the opposite direction. 


* 0k * 


The text carefully distinguishes between the cases of constant speed and variable speed 
by discussing the former in Section 3 and 4 and introducing the latter in Section 5. With 
an able class, some teachers may wish to depart from this sequence and present from the 
first a graph like that below, possibly containing a region (1) where the car is stopped. 


Students may be able to answer such questions as: When is the car going fastest? When 
Slowest?'', etc. 


1 
distance | is 
time ——— 
* ok * 
d, - di 
The equation v = E = p emphasizes the need for the milepost and clock ideas. The 


speed is expressed as a difference between two distances divided b i i 
p i a difference in the two 
corresponding times: a distance interval divided by a time 1 Note that on the graph 


of distance vs. time, the slope represents a physical TEL 
tance/time. pay quantity, speed, and has units of dis 


Ri eee dl 
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If the previous sections have been thoroughly understood, students should have no 
trouble with the basic ideas presented in Section 5. The trip of Figure (a) leads directly 
to Figure (b), and students may even be led to propose the tangent idea without previous 
work with the idea of the ‘‘magnifying glass’’. Certainly they should be able to decide at 
which times in Figure (b) the car is going fastest and slowest. In order to decide between 
two points such as (1) and (2), they may be led to draw the tangent line. 


210 210 
E 2 (2) 
f 208 S 208 
| 206 F 206 
1 
B 204 g 204 
E 202 z 202 qa 
^ 200 & 200 
198 198 
3:30 3:40 3:50 4:00 4:10 3:30 3:40 3:50 4:00 4:10 
time time 
Figure (a) i Figure (b) 


A possible difficulty with a limiting procedure such as the ‘‘magnifying glass“ tech- 
nique, is that students may get the idea that the result is only approximate. The procedure 
outlined is a proper method for determining the slope, and can be done with any desired 


degree of accuracy (within the limits of error of the experimental data). (For a given 
mathematical function, the slope can be found exactly, by the methods of calculus.) 


* X * 


At this point the class will have a powerful set of graphical tools. Problems can be 
invented which may be quite interesting. A certain trip may be described by Figure (c): 


50 
2 40 
E30 
1 
gee 
[5] 
E 10 
0 
E 10:00 10:30 11:00 11:30 12:00 12:30 . 
time 
E Figure (c) 


This might be an automobile trip. With different distance and time scales it could be a 
rock thrown into the air. It may be drawn carefully, or it may be just a quick sketch (with 
no very violent changes in the slope). Notice that Figure (c) represents an out and back" 
trip. By measuring slopes the students can construct a speed-time graph, something like 
Figure (d). Then by counting squares they can measure, say, the distance traveled from 


10:00 to 11:00. Y 
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-40 | 
-60 [ 


speed in mph 
1 
de 
e 


10:00 10:30 11:00 11:30 12:00 12:30 
time 
Figure (d) 
This should check with their original graph. If they ask for distances after 11:15, the 
“area” below the axis must be subtracted, instead of added. Although not mentioned 
specifically in the text, it probably will be well to discuss some cases where the area“ 
falls below the axis, and is therefore to be subtracted. 


* Xx * 


One problem which has bothered some classes is how to draw a tangent to a curve. It 
should be understood that we do not require an exact geometric construction. 


A method of drawing the tangent which may interest some students is the following: 
(This method defines the perpendicular to the curve at a given point. Then the tangent is 
drawn at a right angle to the perpendicular.) 

Place a plane mirror over the graph approx- 

imately perpendicular to the curve at the TR 
point P where the tangent is desired. Rotate 

the mirror about P until the graph and its P 
image form a smooth, continuous curve. 

Draw a line along the edge of the mirror. A 
This line is perpendicular to the tangent. 

Unless precision is required, the tangent 

may be drawn visually. 


XR X * 


The final two paragraphs of Section 5 introduce the difference between average speed 
and instantaneous speed. In the pattern which this course follows, the distinction is not 
very important. We assume that a person knows that when he looks at the speedometer 
of a car he is measuring the speed at a particular instant of time, or instantaneous speed; 
whereas when he says he averaged 40 miles per hour on a four hundred mile trip, he 
means he traveled for ten hours, probably very little of the time at exactly 40 miles per 
hour. (If your students like problems like this, ask them if, in averaging 40 mph on a 
400 mile trip a car ever has to travel at exactly 40 miles per hour. The answer is yes 
if the car cannot change its speed discontinuously.) The instantaneous speed is just the 
average speed determined for a very short time interval, so short in fact that any changes 
in speed during the time interval are so small that they are negligible. 


A classic question dealing with average speed is the following: On a 60 mile trip a 
man travels the first 30 miles at 30 miles per hour. How fast must he go for the next 
30 miles in order to average 60 miles per hour for the trip? The answer is, of course 
an infinite speed, since he has already taken the one hour needed to average 60. 2 


ys. 
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QUIZ QUESTIONS 


1) A car passes mileposts at the indicated times and travels with constant speed in 
between. 


(a) Between which mileposts did the car travel at the greatest speed? What was the 
greatest speed? 


(b) How long did the car stop? 
EJ (c) At which milepost did the car not change speed? 
(d) When did the car start its return trip? 
(e) What was the average speed on the outgoing trip? On the return trip? 


Milepost Time Answers: (a) 15-25; 60 mi/hr 
0 3:15:04 (b) 20 min. 
10 3:30:04 (c) 10 on outward trip 
15 3:37:34 (d) 4:07:34 
15 3:57:34 (e) 28.5 mi/hr; 27.3 mi/hr or -27.3 mi/hr 
25 4:07:34 
20 4:17:34 
10 4:32:34 
0 6:02:34 


To give problems with continuously varying speeds, you almost have to reproduce the 
graph for the problem. The variations are limitless. Here is one example: 


2) A man walks along a path such that his position at various times is given by the ac- 
companying graph. 


400 
300 


200 


distance-feet 


0 1 2 3 d 5 6 7 8 9 10 
time-minutes 


(3) Between what times were his speeds constant? What were these constant speeds? 
[0 to 2 minutes, 150 ft/min; 6 to 7 minutes, 0 ft/min] 


(b) At what times was he stopped? [At 3. 6 minutes, and between 6 and 7 minutes] 


— (e) At what time was the magnitude of his speed the greatest? What was the speed at 
4 that time? [At 5 min; -240 ft/min] 
Section 6 - Acceleration Along the Path NI 


PURPOSE To introduce the concept of acceleration for one-dimensional motion, and to 
show that the acceleration at any instant can be determined from the slope of the speed- 


time graph for that time. 


EMPHASIS A good understanding of acceleration is important. This section should be 
covered thoroughly before proceeding to Section T. 1f students understand Sections 3, 4, 
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and 5, this section should go rather quickly. Be certain that students understand the dif- 
ference between ‘‘speed’’ and acceleration", since these words are frequently confused 


in ordinary conversation. 


COMMENT Many students wi 
fuse speed and acceleration and use speed units to describe a i 
may also be able to accelerate rapidly, but not necessarily. (The Indianapolis racers 
don’t.) To clarify the distinction between speed ang acceleration, this section uses mixed 
time units to describe acceleration: miles per hour per second. The hope is that this will 
focus attention on the fact that acceleration is related to how fast the speed is changing. 
Attention to units in this section is of first importance. You may wish to refer to the com- 
ments on the changing of mixed to consistent units in Section 7 ofboth the text and the 
E 


Teacher! s Guide. j 


ll be foggy about the nature of acceleration. They may con- 
ecelerations. A ‘‘fast’’ car 


„ 


The transition from à qualitative idea to the equation 


Fore ie AV. 


3233 0 
p to z^ t At 
should be fairly easy since speed-time situations have already béen considered. 


The transition from constant accelerations to continuously variable accelerations is 
prief in the text and may need amplification in class. The ‘‘magnifying glass“ procedure 
probably should be repeated in the classroom. 


* k * 


Students may have difficulty with signs. What is the acceleration of a car which goes 
from a speed of -20 mph to a speed of -30 mph in 10 seconds? The answer is -1.0 miles 
per hour per second. It may at first seem paradoxical that a car is gaining speed (as 
read on the speedometer) but has a negative acceleration. Speed is a signed quantity. A 


corporation which has debts of $10,000 one year and $20, 000 the next is not making money. 
CAUTION Because of the similar relations between distance and speed and between speed 


and acceleration, some students will wonder whether the area under an acceleration vs. 
time curve gives the speed. It does, with one reservation. The area under the accelera- 
tion vs. time curve between two times gives the change in speed between those two times. 
This is the same as the distance case, of course, where the area under the Speed curve 


gives the change in the distance coordinate, but change in distance is just distance traveled 


which is à more natural concept to some students than change in speed. 


The vector acceleration introduced in the next chapter is not always in the direction of 


motion, i.e., is not necessarily in a direction along the path. The ‘‘acceleration along the 


path" defined in this section is really the component of the vector acceleration in the di- 
rection of motion. Note a difference between the velocity and acceleration cases: The 
vector velocity always points along the path, whereas the vector acceleration may not. 


QUIZ QUESTIONS 


1) A car is going at a speed of 56 mi/hr. One second later it is going.58 mi/br. What 
is its acceleration along the road? [2 mi/hr-sec] 


A car is going 56 mi/hr. One second later it is going 54 mi/hr. What is its accelera- 


tion along the road? [-2 mi/hr-sec] 


If the car's speed were -56 mi/hr and then -58 mi/hr, one second later, what would 
be its acceleration? [-2 mi/hr-sec] 


2) There are several uniform acceleration problems in the HDL. Simple variants are 
appropriate for quizzes. 


DA—————————— ————À 


didit. ma: 
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3) Here is a plot of speed vs. time. Label the time where the acceleration is maximal 
and positive, (A); minimal and negative, (B); zero, (C). Between what times is the accel- 
eration uniform? What is its value? 


Uniform between 40 and 60 seconds 


50 


[9 
at - 20 29 mi/hr-sec. This is 


also the greatest negative acceleration. 


speed-mi/hr 
e 


4) Here is a distance vs. time curve. At the points labelled A, B, C, and D tell 
whether the acceleration is positive, negative, or zero. 


positive 
zero 


negative 
zero 


distance 


time 


Section 7 - Useful Results for Motion With Constant 
Acceleration Along the Path 


PURPOSE To develop the algebraic equations for motion when the acceleration along the 
path is constant. 


CONTENT a. Ve Vi 


1 
b. d= 2 (ve + M dts 


= a5 (te 5 t) - ane 


e. v =v +28 d. 
1 P 
1 2 1 2 
= c5 D = e 

d. d- vi (t- t)+ 5 a (ts = ty 147 2 

e. Unit changes. 
EMPHASIS Understanding, not memorization is important. Use one full period to make 
sure the derivations are understood. 
CAUTION Although these ‘‘formulas’’ for motion with constant acceleration are very 
useful, they are not the high point of the chapter. All too often students carry away 


d= i at? as one of the several things they remember about physics without remembering 
in which cases it may be applied. Since constant acceleration problems are encountered 


frequently, memorization of the formulas does the student no harm if it comes through 
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understanding and use rather than by rote. 


COMMENT A special case of the above equations is that in which the object starts from 
rest at time t = 0, i.e., Min 0, t= 0. Then, 


ve at, = 4% T. 


It is often useful to emphasize which time goes with which speed. In this case the for- 
mulas are usually written as t- ti, as above. For brevity the book sets the time interval 


te 7 u =T. This may often be the most useful form. The two are equivalent. 
DEVELOPMENT Formulas are useful and they are very attractive to students. To avoid 
the danger of substituting formulas for understanding, help students to remember the basic 
ideas of the chapter by working some of the HDL problems which are obviously constant 
acceleration problems, using graphical techniques. Problem 22 is good for this purpose. 
You may surprise them, and possibly yourself, by discovering how quick the graphical 
techniques are, and how easy and straightforward to remember. 


UNIT CHANGING Unit changing is something which constantly plagues beginning (and 
advanced) physicists. There are three methods in common use: (3) reasoning it out, 
(b) substitution, (c) cancelling units. Let us consider a problem: What is the speed of 
the earth, in its orbit, expressed in meters per second. 


(a) An example of ‘‘reasoning it out” might be: 


The Earth goes 2 7 X 93 X 10° miles per year. 


Therefore it goes 2 7 X 93 X 10° X 5280 feet per year, 


or 27 X 93 X 10° X 5280 X 12 inches per year, 


or 27 X93 & 10° X 5280 X 12 + 39.37 meters per year, 


27X 93 & 5.28 X 10? x 12 


or 39.37 X 365.25 meters per day, 


27% 93 X 5.28 X 10" x12 


or 739.37 K 365. 25 x24 meters per hour, 


27X93 X 5.28 X 10? x 12 
or 39.37 365.25 X24 X 60 meters per minute, 


27X93 X 5.28 X 10? x 12 
or 35.37 X 365.25 X 24 x 60 x 60 meters per second, 
or 2.98 X 104 meters per second (& 30 km/sec). 


The problem is figuring out when to multiply and when to divide. The decision is made 
intuitively, i.e., should the quantity be larger or smaller? 


(b) An example of the substitutional method (used in the text) is: 


6 miles 


The Earth goes 2 7 X 93 X 10 j 
year 
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One then considers that this physical quantity, a speed, is made up of a number, 
271 * 93x 106, times a primitive unit of speed, 1 mile/1 year: 
27x 93 x 10° x Limile | 
1 year 


But, 1 year = 365.25 days = 365.25 X 1 day 
1 day = 24 hours = 24 X 1 hour 
E 1 hour = 3600 seconds = 3600 X 1 second. 
Substituting gives 1 year = 365.25 X 24 X 3600 X 1 second. 
Similarly, 1 mile = 5280 X 12 X 1 inch. 


But 1 meter = 39. 37 X 1 inch, or 1 inch = zl X1 meter, 


39.37 
1 
hence, 1 mile = 5280 X 12 X 39.37 X 1 meter. 
Finally, the speed of the earth is 
5280 X 12 X X1 meter 9 


6 


2 1 * 93x109 x 27X 93X10" X5.28X12 meters 


365. 25 X 24 X 3600 X1 second 39.37 X 365.25 X 24 X 3600 second 


: ‘(c) The third method, cancelling units, is based on the idea that any physical quantity 
* can be multiplied by 1 without changing it. If 1 meter = 39.37 inches then 


39.37 X1 inches  —1 meter 1 
1 meter 39. 37 X1inch ` 


m The change in units is then effected by multiplying by a string of 1' 8: 
* 
4 6 1 mile 1 year 1 day 1 hour 5280 X 1 foot 
2 * 93X10 X ar 305.25 X1day BéXlhr  8800X1sec 1 mile 
12 X 1 inch x 1 meter 
1 foot 39.37 X1 inch ` 


Finally the like units are cancelled leaving 


27x93x109x5280x12 meters 
i 365.25 X 24 X 3600 X 39.37 seco 


Usually the computation is shortened by merely writing 


6 miles 1 year 1 day 1 hour x 5280 feet x 12 inches 
2 * 93 K 10 oars * 365.05 days 2&hrs. 3000 seconds ^ 1 mile T foot 
1 meter 


X 89. 37 inches 


Each method has its advantages and disadvantages. ‘‘Reasoning it out’’ is the fastest 
for a simple problem, but most subject to error. A student certainly should be able to do 
simple problems this way before worrying about the other methods. ‘‘Substitution’’ is less 
Subject to error and gives a good feeling for what is happening. ‘Cancelling units“ is a 
rather formal process but is least subject to error and probably fastest for a complicated 
problem. 


Some time must inevitably be spent on converting units, and perhaps this is as good a 
place as any to do it. 


, 88 before. 


, etc. 


5-16 


Section 8 - Ranging by Speed: Radar and Sonar 


PURPOSE To provide an illustration of the technique of measuring distance by timing a 
signal which travels to an object, then back to an observer. 


CONTENT a. Measuring distance by measuring the time it takes a signal of known ve- 
locity to traverse that distance. 


b. Application of this principle by bats and radar operators! 


EMPHASIS An interesting aside. Treat briefly. Can be used as a part of your chapter 
summary or as an extension of Sections 1 and 2. 


COMMENT This section is intended simply as a reading assignment, although it can be 
used as the basis for interesting problems on simple uniform motion. For example: 


How long does it take a radio signal (v = 3 X 10° meters/sec) to go to the moon 
(d= 3. 8 & 105 meters) and back? 
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f Chapter 5- Motion Along a Path 
For Home, Desk and Lab — Answers to Problems 
The following table classifies problems according to their estimated level of difficulty 
ahd the sections to which they relate. Those which are especially suited to class discus- 


sioa are indicated. Problems which are particularly recommended are marked with an 
asterisk (*). 


Problems 16 and 17 comprise a pair which tests the key concepts of the chapter. 


Answers to all problems which call for a numerical or short answer are given following 
the table. Detailed solutions are given on pages 5-18 to 5-39 . 


D FF 
22 23 24*, 25 


SHORT ANSWERS 
j 1. 6.6 m/sec. 8. 4.53 + .04 mi. 
1 hour. 9. (a) 2/800 = 0.0067 hrs. 


400 mi trip: 80/9 hr. 55 yar d 
480 mi trip: 78/9 hr. y 0. . 


(d) 0.015 hrs. 
4. (a) See graph on page 5-19. (e) 0.6 mi. 
ene 10. (a) 60 mi/hr. 
5: D 2 mi. i E ls n 
) 30.0 mi. e miles per on. 
(c) See graph on page 5-20. (d) -4 pounds per week. 
(d) 0.3 hr. : 
(e) See solution on page 5-20. 11. See graph on page i : 
E] 6. (a) See graph on page 5-20. e) 3 y mi/hr 
(b 17 VT Rn. , 
5/2 T. (c) about 8 mi/hr.. 
e 2 ; (d) 27 mi/hr. 
AM F 
etween mileposts 52 and 62. 
1. (a) a6: 2 m/sec, 21.5 m/sec. (c) 29.6 mi/hr or -29.6 mi/hr. 
(b) 41.4 5 (d) 56 or -56 mi/hr. 
(c): 2.4 m/sec”. (e) Between mileposts 66 and 68. 


Peur 
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Stee ec E parece aaa 

15. 6.7 mi/hr/sec. (b) 3.3 sec. 

16. See solution on page 5-27. 24. (a) 3 mi/hr/sec. 

17. See graph on page 5-28. (b) 1/8 mi. 

18. (a) 10 m/sec. 25. (a) 236 km/hr/sec = 65. 5 m/sec”. 
» B masks (b) 236 km/sec = 8. 5 X 10? km/hr. 
en (c) 4.24 x 105. 

19. 9.8 m/sec. d 26. See solution on page 5-34. 

20. (a) 300 em/sec?. 27. (a) 1000 m/sec. 

(b) See graph on page 5-30. (b) 6.67 sec. 


(c) 5.0 km, 3.3 km, 13.3 km. 


21. (a) 2/35 hr. (d) See solution on page 5-36. 


(b) -1225 mi / hr. (e) See solution on page 5-36. 
(c) See graph on page 5-30. ^ 28. See discussion on page 5-37. 
22. (a) 9.6 km/hr sec. 29. (a) See graph on page 5-38. 
(b) 96 km/hr. (b) See graph on page 5-39. 
(c) 0.13 km. 2 
(d) 20 m. (c) 12 m/sec’. 
(e) d (during nth sec) (n - 1/2)a. 
COMMENTS. AND SOLUTIONS 
PROBLEM 1 - A runner makes one complete lap around an 800- 
meter track in 2 min 1.2sec. What was his aver- 
age speed in m/sec? 


If the runner covers 800 meters in 121.2 seconds, his average speed is 
800 m + 121.2 sec = 6.6 meters/sec. 


PROBLEM 2 Two cars, one traveling at 40 mi/hr and the other 
at 60 mi/hr, start a trip of 120 miles at the same 
time. How much sooner does one car arrive at 

‘its destination than the other? 


The car traveling 40 miles per hour covers 120 miles in 3 hours. The car traveling 
60 miles per hour takes 2 hours. Therefore the faster car arrives 1 hour sooner. 


— — 


PROBLEM 3 A man knows that by one route between two 
towns he must go 400 miles, and can average 45 
mi/hr. By another route he can travel on a 400- 
mile stretch of Superhighway, averaging 60 mi/hr, 
but he must travel an extra 80 miles on roads 
where he can average only 40 mi/hr. Which route 
takes the shorter time? 


The 400 mile trip at 45 mph takes Fm ^ $0 hra, 


The 480 mile trip takes [m 40 fbr = 28 = hrs. 


Thus the 480 mile trip takes less time. 


EC NS 


PROBLEM 4 A Volkswagen and a Cadillac are driven on the 
same 80-mile trip. The Volkswagen travels at 
50 mi/hr all the time. The Cadillac starts at the 
same time, driving at 60 mi /hr, but the driver stops 
for ten minutes after he has traveled for half an 


hour. 

(a) Make a graph of speed versus time for the 
two cars. 

(b) Which car is the first to arrive at the desti- 
nation? 


a) 


Sspeed-- mph 


"ox d e e e 
time--hours 


b) The Volkswagen travels 80 miles at 50 mi/hr, taking 80/50 = 1.6 hours for the 
trip. The Cadillac travels 80 miles at 60 miles per hour, taking 80/60 = 4/3 hours 
driving time. However, it stops for 1/6 hour, and hence takes a total time of 
4/34 1/6 = 1.5 hours. The Cadillac beats the Volkswagen; an amoral story indeed. 


PROBLEM 5 Data for a trip made in a car is given in the ac- 
companying table: 
Time Interval Duration of Interval Speed 
(hr) (mi/hr) 
1 0.10 20 
2 0.40 60 
3 0.20 20 


(a) How far does the car go in the first interval? 

(b) What is the total distance of the trip? 

(c) Make a graph of speed versus time for this 
trip. 
00 How long does it take the car to travel the 
first 14 miles? 

(e) Indicate the area on your graph which 
corresponds to the first 14 miles of travel. 


In discussing part (e), it would be well to show that the hatched area is really 
14 miles, by performing the multiplication shown on the graph. 


a) d= vt; d= 20 mph X .1 h= 2 miles. 
b) d= vt; d, - 2 miles, dic o£ 60's 24 miles, d, = 0.2 X 20 = 4 miles. 


d-d*d,* d, = 30 miles: 
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c) 


The car travels 2 miles in the first 0.1 hours. 
go 12 miles at 60 miles per hour, the car takes 0.2 hours (t = 


velocity -- mph 


0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 
time - - hours 


It has 12 miles more to go. To 


d/v = 12/60 = 0.2). 


Therefore, at a time 0.2+ 0.1 = 0.3 hours after the start of the trip, it has gone 14 


miles. 


e) The appropriate area is shaded in the graph of part c). 


PROBLEM 6 


A car travels at the speeds given in the accom- 
panying table, where T'is a particular time interval 


and Vis a particular speed. 
Time Interval Duration of Interval Speed 
1 T M 
2 3T 4y 
3 T 2 
4 2T V2 
5 T/2 2N 


(a) Make a graph of speed versus time for this 
tri 


p. 

(b) What is the total distance of the trip? 

(c) How long after the start of the trip is needed 
for the car to travel a distance of 7VT? 

(d) How long a time does it take for the car to 
make the first half of the trip? 

o What is the average speed for the entire 
trip 


This problem on interpreting speed vs.time graphs is intended as an exercise in 
the use of abstract symbols. It can also be used to illustrate that the choice of scales 
for graphing is arbitrary. The principal difficulty in this problem will be seeing that 
the symbol T is not the time during which the car travels, but rather, an arbitrary unit 
of time, say 6 seconds. It is as though the man timing the car had a watch which read 


0, T seconds, 2T seconds, 3T seconds, etc. 


0, V, 2V, 3V, 4V, etc., miles per hour. 


a) 


b d=vt 


ITO ZT- 9T 4T2S5 TW: T 


Similarly the speedometer is calibrated 


T 8T 


n 
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First interval d= VT, second interval d= (4V) (3T) 12 vr, third d= 2 VT, fourth d= VT, 
fifth d= VT. Total distance = 17 VT. During discussion be sure to point out the areas“ 
of each interval of the trip. 


c) After T it has traveled VT. To travel 7 VT, it still has 6 VT to go. Ata speed 
of 4 V this takes a time (6 VT) + (4 V) = (3/2) T. This added to T gives (5/2) T. 


d) Since the distance of the total trip is 17 VT we need to find the time required to 
travel the distance 8 1/2 VT. At the end of the first interval the car will have gone 1 VT. 
Thus to the time T, we need to add the time required for the car to travel 7 1/2 VT 
N the second interval. We must find the time T which multiplied by 4 V gives 
71/2 VT. 


15 Ed -15 
gy VENAN 8 T 


15 2 
3 1418 du 


e) The total distance traveled was 17 VT, the total time 71/2 T. The average speed 
is then 17 VT + 71/2 T = 34/15 V. E: . 


PROBLEM 7 The accompanying data show the instantaneous 
speed of a car at intervals of 1 second. Plot the 
speed versus time, and use your graph to answer 
the following questions. 

(a) How fastis the car going at 2.6 sec? At 4.8 
sec? 

(b) How far did the car travel between the two 
instants in part (a)? 

(c) What is the slope of the graph? 


Time (sec) Speed (m/sec) 


0.0 10.0 
1.0 124 
2.0 148 
3.0 172 
4.0 19.6 
5.0 22.0 
6.0 244 


This problem gives practice in plotting graphs of speed vs. time and finding a distance 
traveled by the area method. 


20 


Speed m/sec 
10 


1 2 |: jh 4 5 6 
; time--seconds A 
a) From a careful graph, the car? s speed at 2. 6 sec can be read as 16.2 m/sec, ) 


and 21.5 m/sec at 4.8 sec. 


b) By breaking up the area as shown, the total distance traveled (shaded area) 
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instants is found to be 16.2 X (4. 8 - 2.6) = 35.6 meters (the rectangle) 
keen prio 2.6) X (21.5 - 16.2) = 5. 8 meters (the triangle), or 41.4 meters in all. 


c) The slope of the graph is 2.4 meters per second per second. This is, of course, 
the acceleration of the car. 


PROBLEM 8 A train up according to the speed-time 
" graph nt Fig. 5-29. How far does it travel 
in the first six minutes? 


ses 

Lt | 

Hip 
EH: 
ES 


RE 
DTE 
DUE 


Speed (mi/hr) 


0.08 0.10 0.12 0.14 0.16 
Time (hours) 


This problem forces the student to perform a square-counting calculation in a 
problem in which he must compute a distance from a speed vs. time graph. 


Six minutes = 0.10 hours. The area under the graph from 0 to 0.10 hours is 
4.53 miles. : 


Perhaps the most straightforward way to count these squares is to count the number 
of large ones (38) and then the left over small ones. The area of each large square is 
0.1 miles which gives 3.8 miles. There are then 161 small squares completely under 
the curve and an estimated 21 more in partial small squares. Since each small square 


is .004 mi this is 73 mi. Then 3. 8 + .73 = 4.53 mi in all. This counting procedure seems 


to be good to better than 10 little squares or. 04-miles, about 1%. 


Some students may have learned Simpson’ s rule for finding areas. It is fine if 
they know it, but don’ t teach it. 


PROBLEM 9 Car A is stopped at a traffic light, The light turns 
green and A starts up. Just as it does so, car B 
passes it, going at a steady speed. Their speed- 
time curves are shown in Fig. 5-30. 

(a) How long does it take car A to be going as 
fast as car B? 

(b) At that time, how much is car B ahead of 
car A? 

(c) Which car is ahead, and by how much, at 
the end of 0.010 hours? 
10 At what time does car A catch up with car 

(e) How far have they traveled from the traffic 
light by the time car A catches up? 


~~ ow 
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0.000 0.002 0.004 0.006 0.008 OOO 0.012 0.014 0.016 0.018 
time (hours) 


This is a problem in interpreting speed vs.time graphs. It is somewhat more 
complex than the previous ones. Be sure the students can tell exactly what is happening. 


a) The cars have the same speeds where the graphs cross at 0.0067 or 2/300 hrs 
after car A left the stoplight. 


b) First point out that the area under car B’s graph is larger than that under A’s. 
B has therefore traveled farther, in fact B has traveled twice as far as A. B has 
traveled 40 X 2/300 = 4/15 miles. A has traveled 1/2 X 40 X 2/300 = 2/15 miles. 
Therefore B is 2/15 = 0. 13 miles ahead. 

c) At the end of 0.010 hours it is still clear that the area under B’ s graph is greater 
than that under A's. B has traveled 0.010 X 40 = 0.40 miles; A has gone 
1/2 X 0.010 X 60 = 0.30 miles. B is therefore 0.10 miles ahead of A. 

d) This can be done in many ways, but perhaps the easiest way is the following: 
A has caught up when the areas under the graphs are equal. At 0.010 hours the area 


under B was 0.10 miles greater than that under A. At later times the area between the 
two graphs is 20 mph X (time interval). For this to be 0.10 miles the time interval must 


be 


_ 0.10 mi _ 
t= 50 mi/hr = 0.005 hrs. 


Thus A catches B at 0.010 + 0.005 — 0. 015 hrs. 


e) At 0.015 hours B has traveled 0.015 X 40 = 0.6 miles. A, if we have done things 
correctly, has gone the same distance. 


PROBLEM 10 Find the slopes of the graphs in Fig. 5-31. State 
the units in each case. 


distance (miles) 


0.00 0.20 0.40 0.60 0.801.00 0 2 F 
time (hours) 
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(d) 


200 
: 3 
£ E 
rr o 
8 = 195 i 
c + 
o £ 
E — 
I! = 
I z 
190 
[6] I 2 e O l 2 3 4 
gasoline consumed (gallons) weeks of dieting 


This problem gives practice in finding slopes of straight lines. Particularly, this 
problem emphasizes units: | 


a) This car has traveled 60 miles in one hour. The slope is thus 60 mph. It may be 
worthwhile to point out that it went between 12 and 30 miles between 0.2 and 0. 5 hours, 
a distance of 18 miles in 0. 3 hours or again a slope of 60 mph. 


b) Here no units are given. The curve rises from 2 to 6 units in 6 units along the 
horizontal, or 4 units in 6 units or 2/3 units per unit“ or a slope of 2/3. 


c) An interval of 3 gallons gives a rise of 45 miles. This graph then has a slope 
of 15 miles per gallon. Presumably this is the distance a car traveled plotted against 
the gasoline used, and the slope is the rate at which this car uses gasoline in miles per 
gallon. : 


d) This dieter (man or woman?) went from 200 to 190 pounds in 2 1/2 weeks. 'The 
8lope of the graph of weight vs. time is -4 pounds per week. Notice that in common 


usage, one would say he lost 4 pounds per week. The negative sign is equivalent to the 
word lost in this context. 


It should be pointed out how commonly the concept of slope is used in everyday affairs. 


PROBLEM i1 The distance-time graph of a car traveling along 
a road is shown in Fig. 5-32. Make a graph of its 
speed versus time. 


distance (miles) 


0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 
time (hours) 
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For the first half hour the graph has a constant slope indicating a constant speed. 
Since the car went 15 miles in 0.5 hours, it was going 30 miles per hour. For the 
second half hour it went from 15 to 45 miles or a distance of 30 miles. Its speed 
was therefore 60 mph. 


60 mutare 
50 l 


By 
30 
{ 20 

~ 


10 
4 0 
0 0. 5 1.0 
time -- hours 
PROBLEM 12 The distance-time graph of a car is shown in Fig. 
5-33. 
(a) At what time is the car going at the greatest 
8 


(b) How fast is it traveling at that time? 

(c) How fast is the car going at 0.70 hours? 

(d) What is the average speed for the first half 
hour? 


distance (miles) 


distance--miles 


0.00 0. 50 1. 00 1.50 2.00 
time--hours. 
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This problem requires the interpretation of a distance vs. time graph where the 
speed is constantly changing. Some will find this difficult. 


a) The point (a) is found by inspection as that point having the steepest slope. The 
time at which the car is going at the greatest speed is about 0.45 hours. 


b) The sloping line is drawn tangent to the curve at point (a). The slope is about 
30 miles in 0.4 hours or about 75 mph. Accuracy is poor here. 


c) At 0.70 hours the slope of the graph shows the speed as about 8 mph. 


d) During the first half hour the car traveled 13. 5 miles. It therefore had an 
average speed of 27 mph. Note that this is not half its final speed. That is only the 
case for uniformly accelerated motion (this case is not). 


PROBLEM 13 During a trip along a turnpike, a passenger sitting 
beside the driver recorded the following times at 
which they passed various mileposts. 


Time 
hr:min Milepost 
10:05 a.m. 40 
10:25 45 
10:40 52 
10:50 62 
11:00 66 
11:10 68 
11:25 8 
11:40 82 
11:50 82 
12:05 p.m. 7 
12:15 70 
12:30 56 
1:15 40 
) Plot the distance traveled by the car versus 
time. 
(b) Between which mileposts was the car travel- 
ing at the greatest speed? 
(c) What was the average speed on the return 
portion of the trip? 
(d) What was the speed between 12:15 and 
12:30 p.m.? 


(e) During a part of the outgoing trip they 
were forced to slow down to 12 mi/hr by a slow- 
9 155 truck. Between which mileposts did this 
occu 


a) 


10:00 11:00 12:00 1:00 
hour 


b) The slope seems to be the greatest between mileposts 52 and 62. 
c) The returning 42 miles were traversed between 11:50 and 1:15 0 
à 1 2 r 85 
at 29.6 mi/hr. One might say -29.6 mi/hr since the car was returning. 1 


d) Between 12:15 and 12:30 the car traveled 14 miles. Its s 
4 d : peed was 
14 + 1/4 = 56 mi/hr. Note that this speed was back toward the starting point and 
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might therefore be called -56 mi/hr. 
e) Between mileposts 66 and 68. 


PROBLEM 14 A train travels 60 mi/hr for 0.52 hr, 30 mi/hr for 
the next 0.24 hr, and then 70 mi/hr for the next 
0.71 hr. What is its average speed for the trip? 
A train which travels 60 mph for 0.52 hours covers 31.2 miles. In the next time 
period it covers 7.2 miles, then 49.7 miles. The total distance traveled is 88.1 miles 
in 1.47 hours. The average speed for the trip is 88.1 miles + 1.47 hours = 60 mph. 


PROBLEM 15 A car going at 20 mi/hr accelerates to 60 mi/hr 
in 6.0 seconds. What is the average acceleration 
along the road? 


The car, in changing its speed from 20 mph to 60 mph, changes its speed by 40 mph 
in 6.0 seconds. It therefore changes its speed at the rate of 40 mph + 6 seconds = 6.7 
miles per hour per second. Its acceleration is then 6.7 miles per hour per second. 


PROBLEM 16 


From the graph of speed versus time for a car 
shown in Fig. 5-34, deduce the graph of accelera- 
tion versus time. 


O 10 20 30 40 50 60 70 80 90 100 
time (seconds) 


This problem and the following one form a good pair for testing the key concepts of 
this chapter. 

To construct the acceleration vs. time graph, you must take the slope of the speed 
vs. time graph at several places. This would be a good place to review the interval-on- 
the-graph method as compared to the tangent-line method for calculating slopes. Thus 
the method at (a) might be used, then the method at (b). 


tangent line to get the slope 


speed interval 


DE 


— time interval 


time / time 
(a) (b) 
The resulting acceleration vs. time graph is shown below. Note the negative accelera- 
tion as the car is slowing down. 
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PROBLEM 17 Make a graph of distance traveled versus time for 


the car of Problem 16. 


This problem, and the previous one, form a good pair for testing the key concepts 
of this chapter. 


The distance traveled at any particular time ty is computed by taking the area under 


the curve up to that time. A point may then be plotted on the distance vs. time graph. 
This must be repeated for several different times. 


i di 
speed | 
area = à | 


distance 


t 
dime dies Í time => 
For example, since each large square on the graph of Figure 5-34 represents 
10 seconds X 10 m/sec = 100 meters, the distance traversed after 30 seconds is about 
7.5 squares or 750 meters. This gives one point plotted below. Other points are 
obtained in the same way. 


Since the speed along the road never goes negative, the distance constantly increases. 
The final result is i 


3000 
2000 


1000 


distance-meters 


10 20 30 40 50 60 70 80 90 
time-seconds 
It may be interesting to see if, by taking the slope of this curve, the students can get 


back the original one. Itis easy to see that the result will be quite inaccurate. 


x tn 
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PROBLEM 18 A bobsled has a constant acceleration of 2.0 m/sec? 

starting from rest. 

(a) How fast is it going after 5.0 seconds? 

(b) How far has it traveled in 5.0 seconds? 

(c) What is its average speed in the first 5.0 
seconds? 

(d) How far has it traveled by the time its speed 
has reached 40 m/sec? 


a) v=a (t-t) 


v=2 * X (5 - 0) sec = 10 m/sec. 
sec 
Lud 2 rne 2 05 
b dega(t,-t) vi d- ty 2 2 5 +0=25 m. 


c) Its average speed is the distance traveled divided by the time or 25/5 = 5 meters/sec. 
Note that this is just half the velocity at the end of a 5 second interval-a general result 
for constant acceleration from rest. 


d) During the time the sled is accelerating to 40 m/sec, its average speed is 


20 m/sec. But 40 m/sec = 2 m/ Boge Xt or t= 20 seconds. It has therefore gone 
20 seconds X 20 m/sec = 400 meters. More directly: 


v=atty, 
i 


\ 


40 = 2t+ 0; t = 20 seconds 


o 2 
d-78(t.- t) * v, (te - ty 
-i a e +0 -i * 2X 20? = 400 meters. 
PROBLEM 19 A car, initially traveling at uniform speed, acceler- 


ates at the rate of 1.0 m/sec? for a period of 12 
seconds. If the car traveled 190 meters during 
this 12-second period, what was the speed of tbe 
car when it started to accelerate? 


aca Se te- ti⸗ 12 sec, d= 190 meters. 


1 2 
d= a t ty * vi (te - ty 


f 
190 = 5X1 * 12 + v, X12 
190 = 724 12 vy V, = 9. 8 meters/sec. 
PROBLEM 20 A ball starting from rest rolls with uniform ac- 


celeration down an inclined track 216 cm long. 
A multiple-flash photograph shows that it took 
the ball 1.2 sec to cover this distance. 

(a) What was the acceleration? 

(b) Plot the velocity of the ball versus time. 


Since d= 216 cm, and te - t= 1.2 sec 
1 2 
a) d-5a (tg - t) 


216 em = 2 x 1.44 sec”; a= 300 cm/sec”. 
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b) v= at, so the velocity versus time graph is a straight line through the origin 


with a slope of 300 cm/sec’. 
400 


velocity--cm/sec 300 
200 


100 


A 
time--seconds 


PROBLEM 21 Assume that the express train mentioned at the 
very beginning of the chapter stops with uniform 
acceleration. 

(a) How long does it take to stop? 
(b) What is the acceleration along the path 


during the braking? 
(c) Plot the position of each train versus time 
on the same graph and from this find whether or 


not a collision takes place. 
„ 
a) d=v,tt pat 


v 
change in velocity = 0 - 7a is -u 


v 
Ë e 
hence d= v, t+ > ( i )t =3 t 


L 2 
2 m2 * 10 mi/hr Xt; t= 35 hr. 


b) a= - To mi/hr = -1225 mi/hr^. 
35 hr 


c) The slow freight is much the easiest. At time t = 0 it is 1 mile down the track 
at point A. It has a uniform velocity along the track of 40 mph and therefore will go 
1 mile in 1/40 hour to point B. Since the express stops in 2 miles we do not have to 
go beyond 2 miles on our graph. 


distance--miles 


time--hours 
If the express went at a constant 70 mph it would follow the line CD. Plotting this on 
the same graph shows that even if the express did not slow down, the trains would not 
hit within the two miles in which we are told it can be stopped. The trains do not crash. 
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However to plot the actual position of the express we note that 


délai. t 
E 1 


= -1235 P+ ot. 
This graph is plotted as CE. 
PROBLEM 22 An automobile starting from rest increases its 


speed (accelerates) at a constant rate for 10 
seconds, Its speed at the end of 5.0 seconds is 48 
km/hr. 

(a) What is the acceleration? 

(b) What will be its speed after 10 seconds? 

(c) How far will it travel in 10 seconds? 

(d) How far does it travel during the eighth 
second? 

(e) Derive an equation for finding the distance 
a body, starting from rest and accelerating uni- 
formly, travels during the nth second. (n = 1, 2, 
3, etc.) 


3) Acceleration along the path is the change in speed divided by the time interval: 


km 
4 " 48 hr -0 
tf ki 5 sec- 0 


= 9.6 km/hr/sec. 
b) Ver vie a (te - t) 
vg - 079.6 (10 - 0); v; = 96 km/hr. 
It might also be well to use 
ve 48 = 9.6 (10 - 5) = 48; v, 7 96 km/hr. 


Of course it is always well to point out that this is what is meant by constant acceler- 
ation: If a car increases its speed by 48 km/sec in 5 seconds it will also increase its 


speed by 48 km/sec in the next 5 seconds. 


c) For this part of the problem it may be wellto have the accelerations and speeds 
in consistent units, i.e., meters/sec. Thus: 


a= 9.6 km/hr/sec. 1 hr 3600 sec. 1 km = 1000 m. 


km x 1000 m, _thr_.8 17680 


a= 9.6 raeo  lkm 3500 sec 


ai 2 A 
Now, d= a (tf = ty HV (te tQ) 


x$ m/sec” (10 sec - 0 sec)” + 0 (10 sec - 0 sec) 


U 
dle 


|oo 


M 


Qum = 133 1/3 meters = 0.13 km. 
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d) There are at least two ways of working this. 
5 d-i a (tc - ty? + Yi (te - t); and vf a (te - t) 
Now let tf = 8 sec; t, = 7 sec in the first formula 
d -i a(1 sec)? + MI (1 sec) 
But v2 is the speed after 7 seconds and is given by the second formula a 
V,=a(7 sec - 0) = 7 sec Xa. 


Therefore 
d -i a (1 sec)? * (7 sec X a) (1 sec) 


= 15 a (1 sec)? -2 S m/sec" ) 1 sec” = 20 meters. 


2. Calculate d at 7 seconds and d at 8 seconds and subtract. 
CEE 2 7 — 2 85 2 
d, = 5 a (8 sec - 0) + O; d. 2 a (7 sec 0) 


2 zwi 2 2 
Ad = d, - d} = à (64 sec 49 sec“) 


= 2 sec?) m- (2 sec" ) E m/sec” ) = 20 meters. 
€) The equation can be derived as a generalization of part (d). 


Ad-ia (n sec)? 2 2 (0 - Vece) 2 a (2n - 1)sec? 7 (n a sec". 


PROBLEM 23 A driver of a car going 52 km/hr applies the brakes, 
decelerates uniformly, and stops in 5 seconds. 
Another driver going 34 km/hr puts less pressure 
on liis brakes and stops in 10 seconds. On the 
same graph plot speed versus time for each of the 
two cars, j 

(a) Which of the two cars traveled farther after 
the brakes were applied? 

(b) Add a line to the graph which shows the 
Second car decelerating at the same rate as the 
first car. How long does it take the car to stop at 
this rate of deceleration? 


A Speed vs. time graph for uniform acceleration is simply a straight line whose 
Slope is the acceleration. Be sure the students realize that these graphs can be plotted 
by knowing that the cars Start with a given speed at zero time-point and have zero 


Speed at a later time-point B. The graph is obtained by connecting these points with 
8 Straight line. 


speed-km/hr 


time -- seconds 
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a) The distance traveled by each car is the area under its curve. The areas are so 
nearly equal that simple inspection is probably not reliable. But (1/2) X 52 X 5 = area 1, 
and (1/2) X 34 X 10 = area 2. These areas“ are in peculiar units, kilometer seconds 
per hour, that is, in units of 1/3600 of a kilometer. They are, however, in the same 
units and can therefore be compared. 


1/2 X 52 X 5 = 130 is less than (1/2) X 34 X 10 = 170, so Car 2, which started at 
34 km/hr, travels farther. 8 


E b) *'Deceleration at the same rate’’ indicates equal slopes. The dotted line shows 
Car 2 decelerating at the same rate as Car 1. Inspection of the graph indicates that it 
stops in about 3.3 seconds (actually (34/52) X 5 seconds). 


PROBLEM 24 À car is traveling along a highway at 30 mi/hr. 


The driver then steps on the gas" and accelerates 
at a uniform 4 cde spes of 60 mi/hr in 10 
seconds. 

(a) What was the acceleration during this 10- 
second interval? 

(b) How far did the car travel during these 10 
seconds? 


A formula“ problem in constant acceleration. It may, however, be done without 
formulas. 


a) The car went from 30 to 60 mi/hr in 10 seconds. It changed its speed by 
30 mi/hr in 10 seconds and therefore acceleration 3.0 mi/hr/sec. 


b) In order to plug into“ the formulas it is safest to have consistent time units. 


ca miles a * miles uM qus 2 
aus hour seconds 3 3600 seconds seconds ~ 3600 miles/sec . 
miles 30 


Vi 30 hour ^ 3600 miles/sec 


AE 2 25 

d=5 a (t,- t) +v (te tj) 
i 
2 3600 10 * 3600 10 
1 

= mile 


On the other hand if the student remembers that the distance traveled dur ing some 
time interval where the acceleration is uniform is just the time multiplied by the average 
of the initial and final speeds, we get : 
60 + 30 mi/hr „ 1hr 1 


2 bah Sem cus Dn 


You may show this with the aid of a graph. 


d= 10 sec X 


10 sec 


time-sec 
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PROBLEM 25 A rocket which placed a satellite in orbit attained ! 
a speed of 2.90 X 10* km/hr in 2.05 minutes. 
(a) What was the average acceleration in 
km/hr/sec? In m/sec/sec? 
(b) If the rocket had enough fuel to maintain 
the same rate of acceleration for an hour, what 
, Speed would it have at the end of the hour starting 
from rest? 
(c) How far would it travel during this hour? 


3) The average acceleration is the change in speed divided by the time in which the 
change occurred. 


3 
-29X10 km/hr 236 km/ 
a = 2.05 X 60 seconds 236 hr/sec 


km _ 1000 meters _ 2 
236 br poate: 236 X 3600 sec sec ^ 59:5 meter/sec'. 


km 5 
= = -8.5X 
b v-at 236 Pm x 3600 sec 8.5 X10 hr 


km t 
or, 236 hr sec (1 hr = 236 km/sec. 


c) d- at - 1x 65. 5 x 36007 = 42.4 x 10? meters 
1 km iU 5 
or, 2 X 236 Š x 3600 sec = 4.24 X 10? km. 


This is just about the distance to the moon. 


This whole problem ''neglects'' the effect of gravity. If a student asks What about 
gravity?” this would be a good time to emphasize the difference between kinematics 
and dynamics. Kinematics is concerned only with the description of the motion of the 
rocket, not with why the rocket accelerates as it does. It would take fuel to overcome 
gravity as well as to accelerate the rocket. It would be very difficult to make a rocket 
which would actually accelerate uniformly regardless of whether gravity were acting 
on it or not. Here we must just assume the rocket to be uniformly accelerated! 


PROBLEM 26 Plot the speed-time graph of a car traveling at a 

: uniform speed of 40 mi/hr. On the same graph 
plot the speed-time graph for a second car starting 
from rest and uniformly accelerating to a maximum 
speed of 40 mi/hr. 

e What relationship do you find between the 
distances covered by the two cars during the time 
in which the icon. car is acceleratin 

.(b) Would this relationship hold if you chose a 
different acceleration for the second car? 

(c) Can you prove this mathematically? 
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speed--mi/hr 


C Piru 


some students may have difficulty plotting the simple curves shown since they are 
not given the acceleration of the second car or the time it takes to reach 40 mi/hr. 
This is the point of the problem; any uniform acceleration will do. 


a) The distance covered by the first car is the area of the rectangle APTC, while 
the distance covered by the second is the area of the triangle CPT. Clearly the first 
car covers twice the distance of the second in the time T. 


b) Since we chose no particular acceleration for our first plot, the same relation 
will hold for any acceleration. 


c) The foregoing proof is really quite rigorous, but some students will prefer to do 
it algebraically. Ifso, it should be pointed out that if they use formulas developed in the 
text for uniform acceleration to prove this statement, they have gone full circle, since 
those formulas were derived from graphical considerations. However, i 


d, = vt 


-1 2 -1 2 j = N TIY 2 
d 2 at vit 2 At + 0, since v, = 0. But a t' so d, 21' uM 


2 


Finally, d, = 2d,. 


PROBLEM 27 A rocket-test sled is accelerated along a track for 
10 sec with an acceleration of 100 m/sec?. It then 
moves without acceleration for 5.0sec, after which 
it moves with an acceleration of —150 m/sec? 
until it comes to rest. 

(a) What is the maximum speed of the sled? 

(b) How long does it take the sled to come to 
rest from the time it starts decelerating? 

(c) What is the distance traveled during the 
first 10 sec? During the period of deceleration? 
During the entire trip? : 

(d) Plot a graph of the acceleration of the sled 
versus time. Find the “area” under the graph 
during the first 10 sec. How does this "area" 
compare with the maximum speed of the sled? 

(e) Show that the change of speed of a body 
during any time interval is equal to the “area” 
under the acceleration-time graph for the same 


interval. 


This is à graphical problem on acceleration in which the student is led to the con- 
clusion that the velocity of an object is given by the area“ under the acceleration vs. 


time graph. 
a) v=atfora uniformly accelerated object starting from rest. 


v — 100 1 x10 sec = 1000 meters/sec. 
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ö bo m - 1000 m/sec 
b) Mid * at, and t-; t 000 3 , t= 6.67 sec. 


i - 150 m/sec 


c) d= i at? during the first 10 seconds while the sled is uniformly accelerating. 
d= 100 m/sec” X (10 sec)” = 5000 meters = 5 0 km. 


During the final deceleration period, 


2 
d=v t+ at’ = 1000 m/sec X 6 2 sec - 4 150 m/sec (s 


wiw 


2 3 2 
= 6,666 m - 3,333 m = 3, 333 meters = 3.3 km. 
The entire trip is 5.0 + 5.0 + 3. 3 = 13.3 km. 


time -- seconds 


1 2 
sec 


100 


e 
© 


- 50. 


acceleration -- m/sec? 


The area“ under the graph for the first 10 seconds is 


100 m/sec? X 10 sec - 1000 m/sec 
which is the same as the speed of the sled after the 10 second acceleration. 


e) Suppose we have an acceleration vs. time graph as shown. The proposition is 
that the velocity at time tz minus the velocity at time ti is equal to the shaded area 


under the curve. 


To prove this proposition, proceéd 
exactly as the text does in showing that 
the area under a velocity curve and 
between two times is the distance 
traveled between those times. Note 
that distance traveled’? is just 
another way of saying change in 
position’’. 


acceleration 


Kk 


5-37 


The first part of (d) should have con- 
vinced students that if the acceleration is 
constant, the change in velocity is the area 
under the acceleration graph. Consider an 
object undergoing successive constant ac- 
celerations always such as to be accelerated 
less than the object in question. Clearly 


acceleration 
—— 


Ya7 V4 C area I; 
Vp 7 Val ~ area Il; 
No X5 &* area III; 


~ area IV. 


< 
1 

< 

i 


The total area under the step-curve is 
+ Yy - - + - -v M -V 
area I + area II + area III + area IV = 3 1 . Yp tvg 5 v2 11 


By considering more and more intervals, the area under the stepwise curve can be 
made to be equal to the area under the actual curve and the area then is the change in 
velocity. Note: it is the change in velocity not the velocity. As presented here the 
argument is shorter and less rigorous than that given in the text for the velocity vs. 
time graph. 


PROBLEM 28 Look through the chapter and list all the places 
where the discussion must be limited to motion 
in a straight line — all the places when motion 
along a curved path would not do equally well. 


This question is a difficult one to answer exactly. It is meant to be a thought pro- 
voking introduction to the next chapter rather than a test of understanding of the present 


chapter. 


A careful reading of the chapter will show that the authors have been careful to 
talk always about motion along a particular path. Some students may have thought that 
a straight line path was assumed. Such was not the case. All distances could have been 
measured along a twisting road and all speeds could have been measured as miles (along 
the road) per hour. Even in the case of acceleration, the text says acceleration along 
the path. If the path is twisting, the acceleration along the path is not the only accelera- 
tion, but it is none-the-less calculated as defined in this chapter. 


The correct answer to this question would seem to be that there are no places where 
this chapter is limited to straight line motion. We will see in the next chapter that the 
formulas derived in this chapter will take on new meaning for curvilinear motion. 


PROBLEM 29 Fig, 5-35 is a multiple-flash photograph of a mov- 
ing ball taken at 1/30 sec intervals. The ball is 


moving from left to right and the zero point on 
the scale lines up with the right-hand edge of the 
ball’s initial position. j 

(a) Measure the distance from the zero point 
for each position of the ball, and plot a graph of 
distance against time to describe this motion. 

(b) From your graph in (a), construct a speed- 
time graph. i / 

(c) What does your speed-time graph tell you 
about the acceleration of the moving ball? 
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a) The distance vs. time graph is shown below. 


Distance vs. Time 


distance-meters 


6/30 sec 


1/30 2/30 3/30 4/30 5/30 6/30 7/30 8/30 9/30 
time-seconds 


b) The speed vs. time graph can be constructed in at least two ways. The first 
way is to measure the slope of the distance vs. time graph at various times. A sample 
` measurement att = 5/30 sec is shown. This gives a slope of 


1.05 m + 6/30 sec = 5.25 m/sec 


This value is plotted on the graph below. Note that the slope of the tangent line is very 
nearly the slope of the line drawn through the 4/30 sec and 6/30 sec points. This 
affords a second method for finding the speed at 5/30 sec. 


speed at 8/90. 580 distance traveled from 4/30 to 6/30 sec 
2/30 sec 


~ 0.89 m- 0.54 m 
~~ 2780 sec = 8:28 LS 


The entire speed vs. time graph, found by this second method is shown below. 
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c) The points of the speed-time graph scatter slightly as shown. However, the 


scatter is probably due to measuring difficulties and appears to be random. We 
therefore conclude the speed increases uniformly with time. The acceleration is 


constant and is 12 m/se » from the measured slope. 
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Chapter 6 - Vectors 


The kinematics of one-dimensional motion (Chapter 5) is extended in this chapter to 
motion in space. For this purpose, the chapter introduces vector quantities. The chapter 
has three natural parts: 1) the nature of vector quantities and vector algebra; 2) vector 
acceleration; and 3) a discussion of frames of reference and the distinction between kine- 
matics and dynamics. 


This chapter includes centrally-important ideas and should be covered thoroughly 
through class discussion and problem-solving. 


CHAPTER SUMMARY 

Sections 1 through 4 Vectors are introduced by considering directed displacements 
and developing the rules for graphical addition and subtraction of vector quantities. The 
velocity vector is introduced and a number of simple navigational problems are discussed. 
The algebraic treatment of vector problems is considered in terms of the components of 
vectors and the products of multiplying vectors by scalars. 


Sections 5 and 6 The concept of a vector acceleration is introduced as a measure of 
the change in (vector) velocity with time. An acceleration is involved whenever the velocity 
changes either in magnitude or in direction. Two kinds of motion are considered: constant 
vector acceleration, and changing acceleration. 


Sections 7 through 9 Kinematic descriptions depend on the choice of a frame of refer- 
ence, and a particular motion may often be more simply described by proper choice of à 
reference frame. Attention is called to the fact that kinematics does not tell why objects 
move as they do, and that Newtonian kinematics, while valid over large ranges, breaks 
down for objects moving with speeds close to the speed of light. 


SCHEDULING CHAPTER 6 

This chapter, like the preceeding one, is critically important. While Sections 1 through 
6 should be covered thoroughly, most of the important concepts will be encountered again 
in Part III. 


Some teachers will feel that considering the kinematic aspects of circular motion here, 
and the dynamic aspects in Part III, is an artificialdivision. This choice was made a) be- 
cause it is logical to combine space and time measures in kinematics, b) to avoid an over- 
long analytic flavor in Part III, and c) because many teachers have found that the natural 
review provided in dynamics makes such a split effective. Considering the kinematics of 
circular motion at this point emphasizes that constant speed does not always imply zero 
acceleration. 

` While you will want to seek a good understanding of vectors, you Should remember 
that Part III will make its contribution. Avoid getting bogged down in excessive detail at 
this point. 

The following table suggests possible schedules for this chapter, consistent with the 
schedules outlined in the summary section for Part I. Sections which are enclosed with 
brackets [] can be deemphasized or skipped in class discussion without loss in continuity. 
Even though these sections may be deemphasized in class, they should be assigned for 
home reading. 


10-week schedule 6-week schedule 
for PartI for PartI 


Subject Class Lab : Exp't Class Lab Exp’ t 
Period Period Period Period 


„„ 
Secs. [7], [8], [9] 3 
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RELATED MATERIALS FOR THE CHAPTER 


i i i ded for Chapter 6, lab- 
Laboratory. While there are no experiments specifically inten 
oratory time can be used to excellent advantage for supervised work in ruler-protractor 
solution of vector problems. 


` . The following table classifies problems according to their esti- 
B dnd and the iiec to which they relate. Those which are especially 
suited to class discussion are indicated. Problems which are particularly recommended 
are marked with an asterisk (*). Answers to problems are given in the green pages: 
short answers on page 6-17 ; detailed comments and solutions on page 6-18 to 6-32. 


mu mer [ wem [ es | cene 
8, 9*, 11* 10, 13* 9,1414 
F 
c 


Film. A film on vector kinematics is being prepared but is not available at the time 
this guide is being written. 


“Vectors”, by Dr. A. V. Baez. This film records a lecture demonstration on vectors 
before a high-school class. Rubber-band models are used to show vector displacement in 
two and three dimensions. Vector addition, scalar multiplication of a vector, and other 
concepts are introduced. Running time: 28 minutes. 


Demonstrations. Standard vector model demonstration apparatus may be somewhat use- 
ful in introducing the ideas of this chapter. Much more important is that Students learn 


to solve vector problems at their desks with pencil, ruler, and protractor. A large num- , 


ber of vector problems should be used as class work to develop a working mastery of the 
vector character of motion. ‘ 


Section 1 - Trips and Vectors; Addition and Subtraction of Vectors 


PURPOSE To study how displacements add, as an introduction to the addition and sub- 
traction of vectors. 


CONTENT a. Trips along a line add like ordinary positive and negative numbers. 
b. Trips in two dimensions add geometrically. 


c. For most purposes in physics we are interested in the distance and direction of a 
displacement without regard to the location of the starting point. 


d. In subtracting vectors, C= À- B is so defined that A= B+ C. 
e. Sealars are quantities which add like numbers. 


EMPHASIS. Treat thoroughly. Graphical procedyres for addition of vectors should be 
developed before tackling the more complicated physical situations discussed in Section 2. 


DEVELOPMENT As a beginning, you can describe trips between local points familiar to 
the students as examples of quantities having magnitude (distance) and direction. Then 
describe a two or three-part trip and calculate the resultant displacement. Example: An 
air-line trip from Urbana, Illinois of 39.9 miles, 3.0* north of west, takes you to Clinton, 


F 
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Illinois. A subsequent trip of 43.6 miles in a direction 32. 5° south of west takes you to 
Springfield. The total distance traveled is 73.5 miles. The resultant displacement, 
however, is only 69.3 miles in a direction 15.2° south of west. 


COMMENTS It is important for the students to draw vectors and to do vector additions 
graphically. Precision pays here. With sharp pencils and good rulers and protractors, 
two vectors can be added graphically to about 0.3% accuracy — better than can be done 
trigonometrically with a slide rule. Problem 6 in HDL is intended specifically for this 
purpose. The emphasis on good equipment and careful scale drawings stems from an 
actual class experience. A class was making scale drawings in a relaxed, easy way and 
found the activity somewhat dull even though they were working on problems with which 
they needed experience. As soon as care and precision were demanded, and the class 
engaged in informal competition for the most accurate results, interest picked up and 
was maintained. 


There is another important point about scale drawings. From time to time in labor- 
atory work, students will record angles and distances directly as scale drawings. After 
recording data in a drawing, some students who are comfortable with trigonometry will 
measure the drawing and turn to trigonometric computation. The accuracy will never be 
better than the original drawing! In most cases the computations can be carried out more 
easily by continuing graphically. 


When AB + BC = AC, AC is called the vector sum of AB and BC (or resultant). Early 
in your class discussion you may want to 
consider some problems involving the sum A 
of more than two vectors. Problem 1 in 
HDL is an example. Or, you can ask stu- 
dents to add vectors like those at the right. 


ot 


a 


(The vectors can be given pictorially 
as above or by specifying length and di- 
rection.) Each vector is moved parallel 
to itself so that its tail is at the head of the 
preceding vector. Notice that the vector 
sum is independent of the order of addi- 
tion. Thus: 


»i 
ge at 


bi 


yt 


Suggest that students verify the non-dependence on order. Different students can carry 
out the addition in different orders. Another example: 


A= 10 miles east 
= 5 miles south 
= 10 miles 30° west of north 
= 5 miles north 
= 10 miles 30? west of south 


Such problems (where the sum is zero) are a good introduction for the ideas of the opposite 
(or negative) of a vector and for vector subtractions. 


Displacement vs. trip: A trip from London to Paris is not generally considered to be 
the same as a trip from Buffalo to Baltimore even though they are approximately the same 
direction and distance. If two pencils are at different spots on a desk and each is moved 
1 foot northeast, the two pencils have not made exactly the same trips but something was 


EO Ott 
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certainly the same. The pencils have made the same displacement. 


Vectors, as usually used by physicists, are like displacements; they are considered 
equal if they have the same magnitude and direction. It therefore makes no difference 


where a vector is moved if it is kept parallel to itself. 


As a diversion, there is the old riddle about the hunter who traveled from his camp 
10 miles south, 10 miles west, and finally returned to camp with a trip 10 miles north. 
Then he shot a bear. What color is it? Answer: white, because the man must be camping 
at the North Pole. (If the class is willing, this is a good place to drop this question. How- 
ever, there is an extension of it which some student may know or think of on the spot. As 
well as starting at the North Pole, he could have started anywhere on the latitude circle 
10 miles north of that latitude circle near the South Pole which has a circumference of 10 
miles! Then the hunter’s trip of 10 miles west takes him once around this latitude circle 
and he returns north to his starting place.) (If you get this far, someone may point out 
that the hunter could also start from a point on the latitude circle which is 10 miles north 
mi 


of any circle of latitude those circumference is e where n is a whole number..... ad 


nauseam.) 


CAUTION It is natural, in discussing this section, to invent problems involving ‘‘map’’ 
trips between major cities in the United States. You can get strange results here if your 
trips are long ones and you insist on careful work. Since the earth is Spherical, any flat 
map will introduce some distortions and these can make such problems messy. You can 
avoid this difficulty by keeping all the cities involved within a hundred miles of each other. 


Section 2 - Velocity Vectors 


PURPOSE To show that velocity is a vector quantity, and to illustrate the use of velocity 
vectors in solving navigational problems. 


CONTENT a. Velocity is a vector. 
b. Velocity must be ‘‘relative’’ to something. 
c. The addition of two relative velocities. 
d. Course plotting: an exercise in vectors. 


EMPHASIS Treat thoroughly: emphasis on th i 
MES NUI p e graphical solution of vector problems 


DEVELOPMENT To introduce relative motion, you might ask (as you walk across the 
5 7 a Ese d *How sd am I going as I walk across the room? Four feet per 
erhaps a student will propose a radical a zs 
800 A, the earth is rotating. If there 15 n Bie bao con 
800 mph might be justified. (This is the approximate 8 
E eed at 
due to the rotation of the earth about its axis.) Hopefully, unt 
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It may be profitable to go to a displacement picture for such train problems. 
Cc 


E 6’ 


80’ 


Suppose a man is at A and walks 6’ in one second so that he would go to B if the train were 


not moving. In this same second, however, the train has moved 80 feet down the track 


80 that the man is not at B but at C. In one second he has moved from AtoC. In 1/2 
second he would be at D; in 1/4 second at E; and in fact he moves in a straight line from A 
to C. When he is at A, but moving; he is moving relative to the earth in a direction to- 


ward C. He is moving at a speed of 80" + 6^ feet per second since he would go the 


distance y 802 + e? feet in one second. When we indicate the magnitude by / 80 + 8 
we imply that the vector sum should be found by computation. Here is a fine place to use 
a scale drawing - or both methods. (Computing an answer is excellent practice for stu- 
dents, but we emphasize scale drawings because, aside from being a technique for solving 
problems, they display the relationships between the elements of a problem. A student 
who can solve a problem with a scale drawing almost surely understands". He may be 
able to plug numbers into a formula without understanding. ) 


This whole process can be summarized as follows: To find how fast the man is moving 
relative to the ground add the velocity (velocity means vector velocity) of the train relative 
to the ground to the velocity of the man relative to the train. 


Just as the man who walks around on the train walks relative to the train, so boats 
sail and swimmers swim relative to the water, and airplanes fly relative to the air. A 
good way to introduce these ideas is with a simple example such as the man who can 
swim 2 mph swimming upstream in a2 mph current. He goes nowhere relative to the 
shore, although he is making good progress through the water. 


Problems of boats, swimmers, and airplanes are often complicated by the need to 
distinguish between the direction they are headed and the direction they are going. You 
might ask students to think about walking across the aisle of a train. They head directly 
across, facing the other side of the train. It is not necessary to scuttle across on 8 diag- 
onal just because the train is moving. Just as a student who heads directly across the 
aisle has a velocity pointed directly across the aisle relative to the train, so an airplane 


heading north has a velocity directed north relative to the air. The plane may be flying 
in quite a different direction relative to the ground. 
The navigation problem in the text (pages 78 and 79) is worth class time. When you do 


it, you probably should point out that from every vector equation in two dimensions, two 
facts can be found. The navigator was able to find his heading and the time the flight 


would take. 
QUIZ PROBLEM If you need an extra problem for discussion or quiz, perhaps the follow- 
ing will be helpful. 


1) Ablimp, whose motors can push it through the air at 80 miles per hour tries to 
fly due north while a 40 mile per hour wind is blowing from the east. What heading must 


the blimp take? What will be its ground speed? 
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—- D 
An unknown angle must be added to BC to x 40 mph 
obtain a vector sum along AD. The angle 


is 30* east of north. AB is 69 mph. 


Section 3 - Components of Vectors 


PURPOSE To point out that vectors can be represented by the sum of two or more com- 
ponents and that sometimes it is easier to think about the components of a vector than 
the vector itself. 


CONTENT a. Illustration of how Some results are dependent only on one component of 
a vector regardless of the value of the component perpendicular to it. 


b. Finding the components of a vector along two mutually perpendicular directions. 
c. Building a vector from its components. 


d. The advantages of representing a vector by perpendicular components. 


EMPHASIS Vector components are important, but should not take too much time because 
they are not difficult. It is more important for students to master the graphical construc- 
tions introduced earlier than to develop facility with algebraic methods. 


COMMENTS By giving examples, the text Jeads to the idea of a component without de- 
fining ‘‘component”’ in words. Do not press 

students for such a verbal definition. The 

test is whether, given a vector „and a line, 

as in Figure a, a student can sketch the com- 

ponent of the given vector along the given line. 

If pressed, he should be able to tell which Figure a 
angles are right angles, and through what 

points construction lines are drawn. You will 

Sometimes find a student who, when given a 

line vector as in Figure b, will say that the Figure b 
component of the vector along the line ig as 

shown in Figure c, and he will not be sure 

which of the two angles is the right angle, 


ae ? 
because the original vector and line were so —— re ce ? 
nearly parallel. F 


igure c 


You may want to discuss the two Special cases: 1. The component of a vector along 
a line perpendicular to the vector is à zero vector, and 2. the component of a vector along 
a line parallel to the vector is the given vector itself. 


Students who have had trigonometry will see that if the angle between a vector A and a 
a line CD is x, then B is the component of 
the vector A along the line CD and 
B= AX cos x, where A and B are the 
magnitudes of A and B, respectively. 
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There are two distinct uses for components of vectors. One of these is to find the 
„effectiveness“ of a vector in a certain direction. A plane flying 60° east of north at a 
speed of 300 miles per hour has an effective speed” of 150 mph north, i.e., it is moving 
north at a speed of 150 mph. 


The second use for components is to replace a vector by its components along two 
mutually perpendicular directions (for a two-dimensional vector). An example is given 


below. 
* 


— 


B and C are the components of 


\ 
\ x 
Hj ax A Py A taken along mutually perpen- 
A \ A b dicular lines, 
i C 


The components depend on which particular set of mutually perpendicular lines is 
chosen, but the vector sum of the components always gives back the original vector. Fre- 
quently, in adding vectors, it is easier to replace vectors by their components along a set 
of perpendicular lines, then add the components. : 


The most extensive use of components is in solving problems by analytical rather than 
graphical techniques. Consider the following problem: 


1 


Add the trips: The graphical addition is shown below: 
A: 10 miles north. c 
B: 30 miles 60° west of north. 
C: 20 miles east. > = „ Wil cee) li 
D: 25 miles 45° east of south. B D S=A+B+C+D 
A 
8 


Taking components will not facilitate the graphical solution of this problem. Taking 
components and adding them would be unnecessary work. We reiterate that a student with 
a good ruler, a good protractor and a sharp pencil can solve problems such as this more 
accurately and quickly than by using a slide rule. However, if we decide to do the problem 
by trigonometry, the east-west and north-south components of the vector can be separately 
summed and the vector sum of the sums of the components then found. 


Let De be the component of À along an east-west line. We have then: 


rue = 10 cos 90* 0 

Bus = 30 cos 30° = -25.98 miles (- means west) 
Gp = 20 cos 0° = 420.00 miles 

Do = 25 cos 45° = +17. 68 miles 


Add these east-west components to obtain the total east-west component, 


Sew = 411.70 miles. 


Similarly for a north-south line: 
Ayg = 10 cos 0° = 10.00 


Bus = 30 cos 60° = 15.00 


Ca = 10 cos 90° = 0.00 

D... = 25 cos 45° = -17.68 

Sus" sum of above = 7.32. 
Then the length of S 


= Bye" 2 - d the angle of 
S- Sus + Sew /190.47 = 13.8 miles, and the ang 
S 


- d EW _ 11.70 
S is 0 = arc tan =— = arc tan 7.32 


Sys 
The teacher must consider carefully his students’ in trigonometry before trying any- 
thing like this in class. If in doubt, treat components only graphically. 


QUIZ PROBLEM If you need an extra problem for discussion or quiz, the following may 
be helpful. It can be solved either graphically or trigonometrically. 


1) How far south will a motorist be if 
he travels 150 miles on a road that runs 
30° east of south? How far east does he 
travel? 


Solution: d, = 150 cos 30° = 130 mi. d 


= 58.0° east of north. 


d, = 150 sin 30° = 75 mi. 


Section 4 - Multiplying Vectors by Numbers and Scalars 


PURPOSE To point out that multiplying or dividing a vector by an ordinary number means 
multiplying or dividing the magnitudes while leaving the direction unchanged. 


CONTENT a. The vector kA is a vector k times as long as À and in the direction of À 
(if k is positive). 


b. The vector kA may have different units from A If k is a scalar having units instead 
of just a number. 


EMPHASIS This section should go rather easily, and can be covered in a short time.. 


COMMENTS The scalar multiplying a vector may have units. In this case the product of 
the scalar and vector is a new vector quantity. If this quantity is to be graphed, it should 
be drawn separately from the previous vector. Suppose, for example, that a car goes 20 
miles, 30° west of north, in 30 minutes. What is its velocity? Thirty minutes = 1/2 hour, 
hence the magnitude of the velocity vector is 20 mi/(1/2 hr) = 40 mi/hr, and its direction 
is 30° west of north. A displacement vector divided by a time interval (Scalar) results 

in a velocity vector. Students should avoid plotting the velocity vector on the same dia- 
gram as the original displacement vector. They are different quantities. 


The care required in dealing with two different quantities in such a 
emphasized with a nonsense example: A car goes 30 mph direct]. 
north. Does adding the two vectors make sense? (No!) 


problem may be 
y east, then goes 20 miles 


Here is another way of emphasizing that displacement and velocity are different kinds 
of quantities: 
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A man has a velocity of 8 feet per second northwest and walks for 45 seconds. What 
is his displacement? Draw his velocity and displacement. 


The large factor of 45 will force the use of a new scale for displacement, which is what 
we want. There is not much point in a displacement vector of length 360 feet being drawn 
45 times as long as a velocity vector of 8 feet per second. 
QUIZ PROBLEM 
1) A car goes 30 mph northeast for 10 minutes and then goes 40 mph due east for an 
hour. 
(a) Draw the two velocity vectors. 


(b) On another diagram, draw the two displacements and the vector sum of the displace- 
ments. 


Solution: 


(a) These velocity vectors are not to be 
added, since they do not occur simultaneously. 


30 mph, NE 
—————— 9 
40 mph, E 
(b) 
40 mi 
5 mA HET LES e LR MER 
D = 43.8 mi 


Section 5 - Velocity Changes and Constant Vector Acceleration 
PURPOSE To introduce the concept of vector acceleration. 


EMPHASIS It is important for students to grasp constant vector acceleration before going 
on to changing acceleration (Section 6). Use plenty of problems. A number of problems 
suitable for class discussion are given below. If your students’ understanding is less than 
complete, do not abandon hope. They will meet vector acceleration again in Part III. 


CONTENT To introduce acceleration as a vector quantity, a multiple-flash photograph of 
the fall of two balls is analyzed. One ball simply drops straight down. The other starts 
out with an initial horizontal velocity so that it falls along a curved path. The velocity 
vector of the first ball stays constant in direction, but changes in magnitude. The velocity 
vector of the second ball changes both in direction and magnitude. 


The change of magnitude of the first ball’s velocity is described as an acceleration, 


a= A. Since the change in the velocity only affects its magnitude, the acceleration in 
this case can be treated as a scalar, but in fact it is a vector since it is the difference, 
AY , between two vectors (itself a vector) divided by a scalar, At. 

The change of velocity of the second ball must be regarded as due to a vector accelera- 


tion since both the direction and the magnitude of the velocity change. A vector equation 
is therefore developed: V re vit At. The case described in the text involves constant 


acceleration and is drawn from common experience. The fact that this is a body falling 
under the force of gravity should not be stressed or developed since the behavior of bodies 
under the action of forces is intentionally postponed until Part III. 


COMMENT The following paragraphs suggest supplementary examples in cage students 
need more than the example in the text to grasp clearly the concept of vector acceleration. 


(There are no problems in HDL for this section.) : 
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Supplementary Examples 


1. H a car were going 20 miles per hour at 3:15:33, and 23 miles per hour at 3:15:45, 
by how much did its speed change? 3 mph. Then: If a car were going 20 miles per hour 
due east at 3:15:33 and 23 miles per hour 10° north of east at 3:15:45, by how much did its 
velocity change? The answer is their vector difference. The answer to the proposed prob- 
lem is shown graphically below. Note that the difference is a vector. 


-(20 mph E) F 


— 20 mph E 
23 mph 10° N of E 3 


It has a magnitude (which is not 3 mph, but 4. 8 mph) and a direction. It would be incorrect 
to say that the car’s velocity increased. Vectors cannot be directly ordered except as re- 
gards their magnitude. The speed of the car increased by 3 mph. The velocity of the car 
changed by 4.81 mph, 33. 5* east of north. It is often useful to know how rapidly the ye- 
locity is changing. In the foregoing example, the velocity changed by 4. 81 mph, 33.5* 


E of N, in 12 seconds: or, E 40 miles per hour per second, 33. 5° E of N. 


2. The equation Fe = A + åt is of key importance. The students will have little grasp 


of its meaning unless they go through graphical steps to develop it themselves. The graph- 
ical work will pay great dividends in helping them to grasp the next section. Here. is one 
suggestion: : 


Suppose an object has an initial velocity of 10 m/sec to the right and that the velocity 
changes by adding 5 m/sec down'every .4 seconds. Have the class draw the velocity vector 
at the end of 0, .4, .8 seconds. 


0 5 10 m/sec 


EEE LL 
Velocity Scale 


0 seconds .4 seconds . 8 seconds 


Now ask them to draw the velocity at,.2 


Seconds. They should recognize that te A ! 
tip of the velocity vector comes to the 8 | 

point B on the diagram midway between Re Ed 

points A and C which represent 0 seconds ~~ 0 


and . 4 seconds respectively. That is, . 2 
seconds is half-way between 0 and . 4 seconds, and conse 


down) to the initial velocity at 0 seconds. ; denen 


à mee can ask them for other fractional times, as 
well as for times such as 1.0 seconds C = 2 1/2 basic time intervals, hence add 2 1/2 
vectors down). 


i Now ask for a formula for t seconds. They should now be able to suggest that you add 
(-7) vectors of 5 m/sec length downwards. 
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Ask if they can give you an equation stating this. In all likelihood they will flounder 
badly, but some may say something such as 


n t 
Ne 


leaving out the directions. Of course you can show them this equation is wrong by having 
them compute vt from the equation for t = 8 seconds (20 m/sec) and compare it with their 


graphical answer (14 m/sec.) 
You will then be able to present them with the equation: 


vr (10 m/sec, right) + (4) (6 m/sec, down) 


We may consider + (5 m/sec, down) to be a scalar, i. times a vector, 5 m/sec, down, 


5 m 


PE down). 
c 


m/sec, down); or (12.5 — 2 Xt, down); or t X (12. 5 
sec ge 


Therefore, Vt - (10 m/sec, right) * t (12. 5 m/ Boc", down), which is of the general form 


and rewrite this as É 2 


= 


* 71 + At. 
Be sure to emphasize the difference between the above equation and that for acceleration 
along the path, a 


= + 4 
Ve vi * 


Now have your students plot the vector (12. 5 m/ sec’, down). To do this they may need 
to specify the scale they will use for acceleration. Some may not realize either that they 
must choose a scale or that they are free to make any choice they want. Thus both of the 
solutions below are correct: 


2 
0 5 10 m/sec 0 5 10 m/sec 
——a — (ae ee | 
velocity scale acceleration scale rd 
0 5 10 15 m/sec” 
0 5 10 m/sec 
1212 1 
velocity scale acceleration scale rà 


The development suggested above is intended to explore a number of hidden points which 
may trouble students in Section 6-6 on changing acceleration. In particular, troubles arise 
because we are dealing with vectors, and because the acceleration has different units from 


velocity and must therefore be plotted on its own scale. 


At this stage you should turn the problem around and have the class compute the con- 
stant acceleration 4 that would change 71 into Z in the time t. Once again introduce the 


problem with a graphical example: 
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„ß„ß6ou 8) 8 ĩð 1 
¥ at 0 seconds 


V at2 seconds 


0 5 10 m/ 2 
— —U—4ñ— — 


velocity scale 


Several new points now come up. You might first ask the class to find the velocity vector 
which has been added to the initial velocity to get the velocity at 2 seconds. 


For our example, it is seen to be (15 m/ Sec, down). This vector must be At. There- 


fore, since t is 2 seconds, & has a magnitude of (15/2) m/ gee and a direction down. To 
plot it we must again choose our acceleration scale. We then draw a vector down and of 


length corresponding to 7.5 m/ Sec? on the acceleration scale. 


am 
Students should note that £ = Cy Py ae 


Section 6 - Changing Acceleration and the Instantaneous 
Acceleration Vector 


PURPOSE To extend the concept of acceleration to cases where it is not constant. 


CONTENT a. In general f= ATY/At. The vector à is in the same direction as the vector 
AV and need not be in the same directio: 


n as Y, nor need its direction and magnitude be 
constant. 


155 x example of a speedboat Speeding up on a curved path is used to develop the idea 
of a chan; 


ging acceleration vector, of the average acceleration over an interval, and the 
instantaneous acceleration. 


may not sink in on this first 
these ideas in Part III. At 


à Students should perform a similar graphical analysis of the circular motion portrayed 
in Figure 6-29. Other examples are given in HDL problems 25 and 26. Graphical analysis 
of these two problems is more instructive at this point than trigonometric solutions. 


Do enough to make the concepts of average and instantaneous acceleration clear. The 
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major treatment of uniform circular motion is in Part III. Here you may wish to use it 
simply as one example in which you can state a simple rule for the velocity vector at 
different times. Avoid being drawn into a complete discussion of circular motion. Above 
all, do not let forces creep into the discussion. If you find you are using forces to deduce 
the direction of an acceleration, you are doing the wrong thing. Students have a natural 
desire, in fact an almost irresistible urge, to talk about centrifugal force, but you must 
resist attempts to get into such matters. Acceleration, like displacement or velocity, is 
a geometrical concept. For example, from the fact that an object moves at 5 m/sec in a 
circle of radius 2 meters, we can compute its instantaneous acceleration without any men- 
tion of forces. In fact, in Part III we shall wish to deduce the instantaneous acceleration, 
Z, from measurements of velocity and time, and compare it with the force acting on a 
body of known mass. When the force is measured separately we can then study Newton's 
law F = má, and see that it is really a vector law. The logic is spoiled if the students get 
the incorrect idea that à can only be found from the force. 


SUPPLEMENT At the back of this volume as Appendix 1, there is a supplement on cir- 
cular motion. The inclusion of the supplement in this volume is not meant to suggest that 
all of the included information about circular motion should be taught. This might be 
appropriate only in classes that are giving considerably more time to physics than the 
normal 5-6 periods per week for a year. You may, however, find the supplement helpful 
as background information for your classwork on circular motion. Also, some of the 
examples may be useful as quiz problems. 


QUIZ PROBLEM 


1) Give the students sheets of graph paper on which the positions of an object at four 
or more equally spaced instants of time are indicated. Have them compute the average 
velocity during each interval and the average acceleration from one interval to the next. 
Have the points represent a constant speed, curved course followed by a straight-line 
speeding-up segment. Such a quiz will take some time. While students are working, you 
should check to see if they are proceeding correctly. 


Sample: A race car follows the path indicated A 
on the paper. Successive time intervals of 

1.0 sec are indicated by x' s. Calculate 

graphically the average velocity during each 

1.0 sec interval and the average acceleration 


between successive intervals. Choose a scale 8 x 
and draw a vector to represent each average 
acceleration. 


Į cm = 25 m 


(For class use, a 
position plot such as 


this should be drawn 
EEN \ to a larger scale.) 
x x 
„„ 
Section 7 The Description of Motion; Frames of Reference 


PURPOSE To point out that there are alternatives in choosing a frame of reference for 
the description of the motion of a physical system, and that the proper choice of a frame 
of reference may be extremely helpful in simplifying the vectorial description. 


CONTENT a. The motion of an object may be described by the successive positions of a 
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vector drawn from some reference point to the object. 
b. Different frames of reference make the description of the motion very different. 


c. A proper choice of a frame of reference may make the motion appear relatively 
simple. 


EMPHASIS Reading assignment. A few minutes of class time should suffice. 


COMMENT Although the proper choice of coordinate systems is very important in ad- 
vanced physics, in this course there will be few occasions which will require students to 
exercise judgement in this regard. It is probably better to meet these situations as they 
arise, rather than attempt to discuss the problem in general. This topic will be reviewed 
extensively when the historical aspects of the problem of planetary motion are discussed 
in Part III. 


Section 8 - Kinematics and Dynamics 


PURPOSE To note that a kinematic description of motion is only a beginning to the study 
of motion, and that the study of why objects move as they do will come in Part III. 


CONTENT a. Definition of kinematics as a description of motion. 


b. Discussion of why physicists prefer to study simple systems and why engineers, of 
necessity, study complex ones. | 


EMPHASIS Light. Reading assignment followed by short class discussion (five minutes 
ought to do). ' 


COMMENT A simple example of the distinction between kinematics and dynamics might 
be the following one. Swing a stone on a string around your head. The students can now 
describe the stone’ s displacement from some reference point at any time; they can find 

its vector velocity if they have stop watches; they can compute its average acceleration. 

In other words, they could do a lot of describing. But how hard must you pull on the string 
to keep the stone from flying away? How fast can you whirl it before the string will break? 


These are different and very fascinating questions. The study of dynamics in Part III will 
help to answer them. 


The relation between physics and engineering probably should not be considered too 
deeply here. 


Section 9 - The Speed of Light 


PURPOSE To reassure students that the kinematics they ha b i 
just because relativity has been discovered. EIS Ral me 


CONTENT a. For speeds close to that of light, the rules we have developed for adding 
velocities no longer work. 


Uu There is a very useful and extensive domain in Which Newtonian kinematics does 


EMPHASIS Treat very briefly. 


COMMENT The theor 


y of relativity is fertile d i i 
reos d nde ground for much sterile discussion among 


Discussion of these points should be severely limited. 
It seems viui en to most students that if two 
each going 3/4 the speed of light, that a man on o 

him at something less than (and not 1. 5 times) th 
evidence that this is true. We cannot here descr 


rocket ships approach each other, 

ne will find that the other is approaching 

e speed of light. And yet, there is ample 
ibe the many and varied conclusions of a 


—— 
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proper treatment of relativity. Interested students may enjoy reading Barnett’ s The 
Universe and Dr. Einstein.! 


The important thing for students to understand is that even though the kinematics de- 
veloped here does not hold in all cases, it is still a very useful branch of science. This 
is because it is almost exactly true for all ordinary motions. It may be worth noting that 
the results of our kinematics (Newtonian kinematics) differ from the relativistic kinematics 
by a fraction which is on the order of 


: A 2 
speed in question 
( speed of light 


For a speed as great as 10? meters per second, this factor is (10°/ 3x 105? = approxi- 


mately 107 or one part in ten million! Even with the most advanced techniques, very 
few measurements approach this precision. 


Barnett, Lincoln, The Universe and Dr. Einstein, Sloane, 1957 


Chapter 6 - Vectors 
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For Home, Desk and Lab — Answers to Problems 


GENERAL Chapter 6 depends, as did Chapter 5, on considerable problem solving by 
students. Most of the problems for this chapter should be assigned. Problem 27 is 
useful to summarize some of the essential characteristics of vectors. It may well 

be saved for assignment near the close of the work on vectors. 


The following table classifies problems according to their estimated level of 
difficulty and the sections to which they relate. Those which are especially suited to 
class discussion are indicated. Problems which are particularly recommended are 
marked with an asterisk (*). 


Answers to all problems which call for a numerical or short answer are given 
following the table. Detailed solutions are given on pages 6-18 to 6-32. 


SHORT ANSWERS 


10. 


See discussion on page 6-18. 
2 blocks south. ; 


(a) See discussion on page 6-19. 
(b) Zero. 


(a) 3.11 cm, 45° below horizontal. 
(b) 4.4 cm vertically down. 
(c) Zero. 


(a) 0.7 cm vertically up. 
(b) 2.7 em, 34° left of vertical. 
(c) 3.7 em vertically up. 


(d) 3.6 cm, 6.2? left of vertically down. 


16.38 em, 35° up from the horizontal. 


(a) 2.12 em, 3.3° west of north. 
(b) 8.48 cm, 3.3° west of north. 
(c) See discussion on page 6-21. 


See discussion on page 6-21. 


(a) 448 km/hr. 
(b) 512 km/hr. 


(a) 4.83 km at 318. 5°. 
(b) 0.966 hours. 


4 


11. 


18. 
19. 


(a) 
(b) 
(c) 


(a) 
(b) 
(a) 
(b) 


155.2? clockwise from north. 
595 mi/hr. 
149 mi. 


7. 66° west of north. 
2.02 hr. 


4. 3° north of east. 
280 mph. 


18. 6? east of north. 
About 2 miles. 


(a) 56. 3 downstream from straight 
across. 

(b) 0.05 hours. 

(c) 0.3 miles. 

(d) 0.05 hours. 

(a) 97.5 m, 280 m, 1300 m. 

(b) See discussion on page 6-26. 

(c) 2850 m. 

9.72 m. 

20.6 km. 
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25. (a) 1.035 m/sec toward center of 
T. 4 2 T circle from interval mid-point. 
(c) 2.83 km. (b) 0.345 m/sec” toward center of 
(d) 2.84 km. circle from interval mid-point. 
21. (a) 137 km, 344 km. 26. (a) 0.21 cm/sec. 
(b) 411 km/hr, 149° clockwise e ee 
from north. 0.21 cm/sec vertically down. 
. (c) 0.30 cm/sec down and left 
22. (a) 1 m/sec, 6.4 m/sec. at 45°. 3 
(b) 25.5 m, 28. 1“ with direction of ship. (d) 0.02 cm/sec” down and left 
23. 5* west of north, 340 knots. at 45°. 
24. (a) 1/24” to the right. 27. See discussion on page 6-32. 


(b) 1/48” to the right, 1/4" down. 
(c) 1/96“ to the right, 1/8“ down, 
1/8'' toward reader. 


COMMENTS AND SOLUTIONS 


PROBLEM 1 Draw diagrams to represent the following dis- 

placements: ; 

(a) 5.00 cm to the east followed by 3.00 cm 
north followed by 6.00 cm west. 

(b) 5.00cm to the east followed by 6.00 cm west 
followed by 3.00 cm north. 

(c) 6.00 cm to the west followed by 3.00 cm . 
north followed by 5.00 cm east. 

(d) Compare the diagrams of parts (a), (b), 
and (c) and state a general rule about adding three 
displacements. 


This exercise in drawing vectors, leads to a proof“ that the addition of vectors is 
commutative. The origin of each sequence of displacements is indicated by a small 
circle. The displacements are specified to three significant figures to indicate that, 
with care, students can get better than 1% accuracy with graphical methods. 


b) c) 


8) 
8 A 
B > 
s 8 
— SSR 


d) Notice that the sum of these three displacements is independent of the order in 
which the displacements are added: 


* > = > > - 

A+B+C=A+6+B>04B% EK. 
PROBLEM 2 A man follows this route: From his house he 
travels four blocks east, three blocks north, three 
blocks ‘east, six blocks south, three blocks west, 
three blocks south, two blocks east, two blocks 
south, eight blocks west, six blocks north, and 


two blocks east. How far and in what direction 
will he be from home? 


Starting to the right (east) from O, the route is as indicated in the diagram. 


The man is now two blocks south of his 
starting point. His total displacement is 
two blocks south. 


Finding the net E-W and N-S displacements 
is far simpler than adding the successive dis- 
placements. The mental addition would go 
something like this: East = 4+3+2+2=11, 
West = 3+ 8=11, so he is neither east or 
west of his starting point. N=3+6=9, 
S=6+3+2=11, so he is 2 blocks south of 
his starting point. This is a fine solution 
and should be mentioned when you discuss 
components, since it is essentially the 
component method of adding vectors. 


PROBLEM 3 A man walks along a path which is in the shape of 
a regular hexagon; each side is 10 ft long. Two 
of the sides run east and west. 

(a) Describe his successive displacements. 
(b) What is his total displacement? 


a) For the hexagon oriented with two sides running east and west, successive dis- 
placements starting at O are: 


O . 10 feet east 
. 10 feet 30° east of south 
. 10 feet 30° west of south 
10 feet west 
. 10 feet 30? west of north 


. 10 feet 30? east of north 


D c N 9 HIP 
. 


b) His total displacement is zero. 


PROBLEM 4 The minute hand of a watch is 2.2 cm long. 
(a) What is the displacement of the tip of the 
minute hand between noon and 12:15? 
(b) What is the displacement of the tip of the 
minute hand between noon and 12:30? 
(c) What is the displacement of the tip of the 
minute hand between noon and 1,00? 


Problems 4 and 5 set the stage for problems of circular motion. Both should be 
assigned. 

a) Fora watch held vertically, the noon noon _ 

to 12:15 displacement of the tip of the minute i 


hand can be seen from the sketch to be 
2. 2 XVJ = 3.11 cm. 45° below the horizontal. 


b) 4.4 cm vertically down. 
c) Zero. 


2.2 cm 
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For the watch of Problem 4 the hour hand is 1.5 
—€—À cm long. What is the displacement of the tip of 
the minute hand from the tip of the hour hand: 
(a) at noon? (c) at 6:00? 
(b) at 3:00? (d) at 12:30? 


This problem, like Problem 4, gives a simple illustration of vector subtraction and d 
sets the stage for planetary motion. Note the difference between the two problems. 
Problem 4 is concerned with displacements of a given point at different times. Problem 5 
is concerned with displacements between two different points at a single time. This need 
not be emphasized, but it is probably worthwhile to note the two rather distinct uses of 
displacement vectors. 


i 2.7 cm,34° left of 
0.7 cm vertically up. b) : 2 
" t vertical. 
2. 2 
2.2 
1,5 
c) 3.7 cm vertically up. d) This is best done by 
Scale drawing. The 
1,5 answer is 3.6 cm, 
2.2 6. 2° left of vertically 
4 2.2 down. 
1.5 
PROBLEM 6 A horizontal vector 10.00 cm long is added to 


another vector 10.00 cm long pointing 70,0° up 
from the horizontal. Make as accurate a scale 
drawing as possible to determine the magnitude 
and direction of their sum. In your answer try 
for 0.1-mm precision in length and 0.1° precision 
in angle. 


The graphical addition of these vectors shows their sum to be 16. 38 cm, at 35° 
up from horizontal. 


If the students try for 0.1 millimeter and 0.1 degree precision, they will probably 
come within 0.3% of the answer given. There is, of course, nothing wrong with using 


20 cm to represent 10 cm. This gives greater precision and illustrates the scaling 
principle. 


Competition between members of the class may produce a precision that will help 
you show how accurate a graphical solution can be. 


This is only one example of many such problems which can be devised if there is 
time. 


PROBLEM 7 (a) Find the result of adding a vector 2 cm east 
to one 3 cm northwest. 

(b) Find the result of adding a vector 8 cm east 
to one 12 cm northwest. 

(c) Compare the results of parts (a) and (b), 
and state a theorem about adding a pair of vectors 
which are multiples of another pair. Can you 
prove the theorem in general? 
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This problem leads to the idea that if X= d then k AK BK C. It may also 
help the students understand scaling of vector drawings. 


a) 2 om east+ 3 cm northwest = a vector 2.12 cm long, . J. west of north. 
b) 8 cm east+ 12 cm northwest = à vector 8.48 cm long, 3.3* west of north. 


e) Notice the vectors of part (b)--ineluding the, sum-- are four times the vectors 
of part (a). In general then, if A B = C, k A-kB-kÓ. Both sides of a vector 
equation may be multiplied by the same constant--or scalar. A geometrical proof is 
Started by noting that the vector sum Å + B = C is represented by a triangle, and that 
the vector sum k A = k B = D is also represented by a triangle. Two of the sides of 
one of the triangles are proportional to two sides of the other triangle. The included 
angles are equal. It then follows that the triangles are similar and that the length of 
D is k times the length of C and makes the same angles with k K and k B as does C 
with A and B. Hence, B= k C. 


PROBLEM 8 A plane flies southeast at 600 mi/hr. Draw a dia- 
gram of its displacement from its starting point 
after 0.50 hr, 1.00 hr, 1.50 hr, and 2.00 hr. 


A velocity of 600 mph southeast means that the plane will fly 600 miles southeast in 
one hour, 300 miles in‘1/2 hour, etc. > 


PROBLEM 9 The air speed of a plane is 480 km/hr. What is 
: the ground speed of the plane 
(a) with a 32 km/hr head wind? 
(b) with a 32 km/hr tail wind? 

This problem lays the groundwork for more difficult ones on the addition of velocities. 
The cases of headwinds and tailwinds may be the only ones for which the students have 
much intuitive feeling, therefore this problem should be assigned and discussed. 

a) The key words in the statement of this problem are ‘‘air speed’’. The plane 
flying 480 km/hr, into a 32 km/hr headwind, travels 480 - 32 = 448 km/hr relative to 
the ground. 

b) If the wind is a tailwind, the plane travels 480 + 32 = 512 km/hr relative to the 
ground, as shown in the sketches below. 

It is essential that students understand this problem before working on problems such 
as numbers 11 and 12. It may be worthwhile to draw a vector diagram: 


HEADWIND: velocity of plane relative velocity of air relative 


to ground is vector sum to ground 
of other two $ 


2 II e] e a a E a d 
: velocity of plane relative 


to air 


TAILWIN D: velocity of the plane relative to 
à ground is vector sum of other two 


2 AS ed ont i EEE TTL 


T velocity of plane velocity of air d 
relative to air relative to ground 
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PROBLEM 10 A group of hikers walking at an average rate of 
5.0 km/hr walk the following path: 


Compass Heading Time During Which 


(Clockwise from Heading Is 
north) Maintained 

45° 1.50 hr 

130° 0.75 hr 

60° 1,00 hr 

180° 1.00 hr 

225° 1.00 hr 

325* 0.50 hr 

240° 1,00 hr 


(a) In order to return directly to their starting 
point, in what direction must they walk? 
(b) How long will it take them to return? 


This problem deals with the addition of displacements, but also subtly introduces 
the addition of vectors which have been multiplied by scalars. 


Walking at a-speed of 5.0 km/hr, the 
hikers walk 1. 50 hours X 5.0 km/hr = 7.5 km 
45° east of north on the first leg of their trip. 
This displacement is then plotted. The others 
are done similarly to give the trip shown: 


4.83 km 


a) andb) The final result is that they are 4. 83 kilometers from home and must 
therefore walk 0.966 hours at a heading 318. 5? clockwise from north in order to get 
Straight home. 


A graphical analysis of so many vectors must be done with great care, or cumulative 
errors are likely to lead to considerable inaccuracy. 


PROBLEM II An airplane maintains a heading of due south at 

an airspeed of 540 mi/hr. It is flying through a jet 
Stream which is moving east at 250 mi / hr. 

(a) What direction is the plane moving with 
respect to the ground? i 

(b) What is the plane's speed with respect to 
the ground? 

(c) What distance over the ground does the 
plane travel in 15 min? 
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| N 155.2° 


velocity of the 


plane relative AE velocity of the plane relative to 
to the air the ground (595 mi/hr) 


(540 mi/hr) 


velocity of the air relative to the 
ground (250 mi/hr) 


a) and b) The plane is flying south at 540 mi/hr, but is being blown east at 250 mi/hr. 
A graphical solution shows that these two motions cause the plane to travel at a heading 


155, 2° clockwise from north, at 595 mi/hr relative to the ground. 

c) At 595 mi/hr the plane will cover 149 miles in 15 minutes. 
PROBLEM 12 The pilot of an airplane which flies at an air speed 
of 300 mi/hr wishes to travel to a city 600 miles 


due north. There is a 40 mi/hr wind from the 


west. 
(a) What heading should the plane fly? 
(b) How long does it take to make the trip? 


A similar problem is analyzed in the boxed material on pages 78 and 79 of the text. 
a) The velocity V of the plane relative to the ground is the vector sum of the velocity 
yi of the air (wind) relative to the ground and the velocity Vi of the plane relative to the 


air. 


From the starting point À, we know 
that V. must go directly north, so this 


direction can be laid out from A. The 
wind velocity vector V, is then drawn 


east from A with a length representing 
40 miles per hour. . 


AY 
w 
To determine the magnitude of the velocity vector V we must add the velocity 
vectors us and Vr v. must start at the tip of Ve and the length of V a must represent 
300 mi/hr. ‘Therefore we construct a circle with center at the tip of V an and with 


) 
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radius representing 300 mi/hr. The intersecfion of this circle with the line indicating 
the direction of Vg locates the point at which V A ends. The angle 0 is obtained graph- 


ically, or is Arc sin 4/30 = 7. 66° west of north. 


b) The plane is traveling at 300 cos 7. 66° = 297 mi/hr, which may also be obtained 
graphically. The plane requires 600/297 = 2.02 hr to make the trip. 


PROBLEM 13 An airplane is flying toward a destination 200 
miles due east of its starting point, and the wind is 
from the northwest at 30 mi/hr. The pilot wishes 
to make the trip in 40 min. 

(a) What should be the heading? 
(b) What air speed should he fly? 


It is often helpful in such problems to assume the answer is known and roughly sketch 
a preliminary diagram. Since the plane’ s destination is directly east, its velocity relative 


to the ground must be a vector due east. Since it must travel 200 miles in 2/3 hour 
its ground speed must be 300 mi/hr. The wind (velocity of the air relative to the 
ground) is 30 mi/hr from the northwest. The plane must obviously head somewhat 
north of east. The resulting diagram is drawn here: 


300 mph 


30 mph air velocity of the plane 


The final step is to make a careful drawing and find that the plane must fly 
280 mi/hr, 4.3* north of east. 


A more formal alternative: 
( velocity of a m) i ( velocity of a Pa) i ( velocity of air ) 
g 


relative to ground 
or, M^ - ii o W Hence, ME =y - NT 
This leads directly to constructing the Va 
vector diagram: 


relative to air 


relative to ground 


PROBLEM 14 A steamer is sailing directly south at 25 km/hr in 
an area where the wind is from the southwest at 
18 km/hr. What is the angle from true north of 
the smoke trail from the stack? 


It will be hard for many students to understand what is happening physically in this 


ately in still air. 
Conversely, if the Ship were standing still and a wind wer 
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Consider a ship which emits a puff of 
smoke at point A and then travels south 
to point B. Suppose it took an hour to go 
to B. Then the distance AB is 25 kilo- 
meters in our problem. Meanwhile the 
smoke puff is blown 18 kilometers 
northeast to C. If, halfway to B, the ship 
had blown off a second puff at B’, that 
puff would be at C’ when the Ship is at B. 
It should be clear that the line B C' C is 
a straight line. This line would be in 
fact the straight line of the smoke trail if the smoke had been emitted continuously. A 
carefully constructed diagram shows that the angle ABC is 18. 6° east of north. 


Another approach to this problem may be helpful. 


If there were no wind, the man would see the smoke move backwards with a velocity 
equal to the, negative of the ship's r$ 2 
velocity: V. The effect of the (18 km/hr, NE) V, 


: V 
wind is to carry off the smoke 
particles with a velocity V. g (apparent velocity of smoke 


E as seen by man of shi 
the total motion seen by the ob- (25 . 8 P) 


server on the ship is thus: south) 
V-cM ENS This vector sum 


is shown in the diagram at the right. 

Clearly this diagram is equivalent to the previous one, and when drawn to scale, the 
angle can be read off easily. It is left as an exercise for the reader to say why the 
apparent velocity seen by a man on the ship gives the direction of the smoke trail as 
Seen in the earth’ s frame of reference. 


PROBLEM 15 The small winged seed of a tall evergreen reaches 
a constant vertical component. of velocity of 1 
ft/sec almost immediately after it is blown from 
the cone. About how far from the base of a 180- 
ft tree on level ground would seeds from the top 
of the tree be carried by 40 mi/hr winds? 


This problem can be handled as a vector velocity problem but the simplest attack is: 


A seed falling 180 feet, at 1 ft/sec, reaches the ground in 180 seconds. A 40 mph 
wind is a 58 2/3 ft/sec wind. The seed is thus blown 180 X 58 2/3 = 10, 560 ft or 


approximately 2 miles. 


No one would expect each seed to leave the top of the tree and go exactly 2 miles-- 
even if the wind were exactly 40 mi/hr. Winds are gusty, and seeds differ rather 
widely. However, as an order of magnitude estimate, this may be pretty good. You 
would certainly guess that under some circumstances the tree could seed out to a one 
mile radius, and you would be surprised to find it seeding as far as ten miles, except 


under unusual circumstances involving large updrafts. 
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16 A man rows a boat “across” a river at 4.0 mi/hr 
1 (i.e., the boat is always kept headed at right angles 
to the stream). The river is fiowing at 6.0 mi/hr 
and is 0.20 mi across. 
(a) What direction does his boat actually go 
relative to the shore? $ 
(b) How long does it take him to cross the river? 
(c) How far is his landing point downstream 
from his starting point? 
(d) How long would it take him to cross the 
river if there were no current? 


8) The man heads directly across velocity of the water relative 
the river, i.e., perpendicular to the : to the shore = 6 mph 
banks. Atthe same time, the river 
carries him downstream. His 
velocity relative to the ground (shore) velocity of the 
is his velocity relative to the water, boat relative 
plus the velocity of the water relative to the water 


to the shore. The addition is done = 4 mph velocity of the 
graphically. boat relative to 
the shore 
= 7.2 mph 


b) No matter how fast he is carried downstream, he goes across the river at 4 mph. 
Therefore the time required to cross the river is 0.2 miles 2 4 mph = 0.05 hours. 


c) In 0.05 hour he is swept (at 6 mph) a distance of 0.3 miles downstream. 


d) If there were no current he would still cross the river in 
0.2 miles + 4 mph = 0.05 hours since his motion across the river is unaffected by 
the perpendicular motion downstream. 


PROBLEM 17 The weather bureau determines the height of 
cloud layers by measuring the angle of elevation 
to the point where the light of a vertical beam is 
reflected by clouds. The angle is measured at an 
observation station separated from the foot of the 
light beam by a base line. 

(a) If the base line is 300 meters in length, what 
is the altitude of the layers which are observed at 
18°, 43°, and 77°? 

(b) For observations at angles greater than 84°, 
the heights are classed as estimations, Why 
should they differ from readings at lesser angles? 

(c) What is the height of a layer which reflects 
light at this 84° angle to the 300-meter base line? i 


This problem is not directly related to kinematics. It serves to give practice in 


graphical analysis of triangles. Students knowing trigonometry will solve this one more 
easily analytically. 


a) and e) A scale drawing as shown will give cloud heights: 


Angle of Cloud 
Elevation Height 


18° 97.5 m 


43° 280 m 
17° 1300 m 


height g4» 2850m 
(The heights shown here were 


calculated by the formula 
h = 300 tan 0.) 
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b) Students doing this problem trigonometrically may have difficulty seeing why 
the heights are uncertain if the angle is greater than 84°. But they should see what a 
large change in height results from a 1° error in measuring the angle. Students solving 
the problem graphically will see readily that a very small mistake in angular measure- 
ment will cause a large error in height for such large angles. The weather bureau 
cannot make precise measurements of the angle. Their calculations are, therefore, 
subject to the same inaccuracy. 


PROBLEM 18 What is the magnitude of a displacement whose 
f components along the perpendicular X, Y, and Z 
axes are respectively 4.00 m, 2.50 m, and 8.50 m? 


If the students know the three-dimensional Pythagorean theorem the answer is 
simply: 


Magnitude of displacement = V4. 00^ + 2. 502 + 8. 507 


= 9.72 m. 
If this requires proof, class discussion of this problem may include it as shown below. 


This problem may be approached with the question: Xf X and Y are horizontal, and 
a ball is dropped from the displaced object, how far out from the origin would the ball 
hit? 


By the familiar two-dimensional 
Pythagorean theorem, the answer is 


clearly S = y4- 00? 4 2.50". But 
2 


D? = g?4 8. 502 = 4.007 + 2.50? + 8. 50^, 
and so to the answer. 


2 


PROBLEM 19 At what range will a radar set show a plane flying 
at 10 km above the ground and at a distance on 
the map of 18 km from the radar station? 


A distance of 18 km out and 10 km up gives a range (magnitude of displacement) of 
Vis?+107=20.6km. ^ 


PROBLEM 20 An airplane takes off due south from an airport 
and maintains a ground speed of 4.0 km/min 
while climbing at a rate of 0.30 km/min. After 
0.50 min, it turns due east, maintaining the same 
ground speed and the same rate of climb. At the 
end of 1.0 min after taking off: 

k (a) How high is the airplane? 
(b) What is its direction from the airport? 
(c) How far is the point on the ground directly 
under the airplane from the point of take-off? 
(d) How far is the airplane from the take-off 


point? 
This rather difficult problem in three-dimensional displacements requires a con- 
Siderable amount of spatial visualization. No formal procedure should be worked out 
for dealing with this type of problem. 
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3) If the airplane has climbed at the rate of 0. 30 km/min for 1 minute, it is 0.30 km 
above the ground. 


b) The airplane traveled at a constant 
velocity due south for half a minute and 
due east for half a minute. It therefore north 
is exactly southeast of the airport. 


c) In half a minute the airplane 
travels 2 km. It is then 2 km south and 


2 km east of the airport or yz + 22 = 2. 83 km from the airport. 


d) The airplane 1s 2" * 2? A E = 2. 84 km from the take-off point. 


PROBLEM 21 A plane flying north at 320 km/hr passes directly 
under another plane flying east at 260 km/hr. 

(a) What is the horizontal component of the 
displacement of the second plane relative to the 
first 20 minutes after they pass each other? 50 
minutes after they pass? 

(b) What is the horizontal component of the 
velocity of the plane flying east relative to the 
plane flying north? 

(c) Does the direction of this velocity vector 
(relative to the earth) change? 


This problem involves components of a three-dimensional velocity vector which will 
probably be difficult for students to visualize. This type of problem is useful in develop- 
Ing such spatial visualization. 


Horizontal component” 18 a slightly ambiguous term. It means, in this case, the 
vector formed by dropping a perpendicular from a vector to a plane rather than a line. 


a) This problem is best understood by drawing a diagram which shows the airplanes 
at different times: 


The airplanes are at A and A’, B and 
B’ etc. When the airplanes are at C and (C) 
C’, the displacement vector is as shown. 
Note that this is only the horizontal com- d 
ponent. The real vector tilts up because n 
the airplanes are at different heights. 8 
After 20 minutes, the distance OC is 
320 km/hr X 1/3 hr = 320/3 km; OC’ is 
260 X 1/3 = 260/3 km. The horizontal 0 
component of the displacement is i (A’) (B’) (c^) 


East 
7320/8) + (260/3)2 7 102400/9 + 67600/9 T l 
2 2 
PETI 11 x 10* i à 
= ON po x VIT = 2:42 121 im. 


Similarly, after 50 minutes the horizontal component of the displacement is 344 km. 


b) The horizontal component of the velocity vector is 137 km + 1/3 hr = 411 hr. 
It is at 149° clockwise from north. ' 
— ise trom north. 


(B) 


(A) 


c) In the diagram above, the vectors AA’, BB’, and CC’ are all in the Same 
direction. The relative velocity vector must therefore be in this same direction and 


does not change. 


Notice that in this problem, the actual three-dimensional displacement vector of one 
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airplane from the other is a very complicated thing indeed, changing its magnitude and 
direction in a very peculiar way. The horizontal component, however, is quite simple. 


PROBLEM 22 An ocean liner is traveling at 18 km/hr. A pas- 
senger on deck walks toward the rear of the ship 
at a rate of 4.0 m/sec. After walking 30 meters 
he turns right and walks at the same rate to the 
rail which is 12 meters from his turning point. 

(a) What is his velocity relative to the water 
surface while walking to the rear? While walking 
toward the rail? 

(b) Draw the displacement vectors relative to 
the water surface for his stroll. What was the 
total displacement from his starting point? 


a) For the first part of his walk, the passenger is 
going back at 4 m/sec while the ship is going forward 


at 18 km/hr = 5 m/sec. Relative to the water he is 

traveling in the same direction as the ship at 1 m/sec. 6.4 m/sec 4 m/sec 
He then walks 4 m/sec toward the side while, at HA 

the same time, the ship is carrying him forward / 

5 m/sec. 5 m/sec ` 


He moves 5 + E = 6.4 m/sec, 38. Je away from the ship's direction of travel. 


b) He walks 7 1/2 seconds on the first 
part of his stroll, 3 seconds on the second. 
His positions relative to the water at 1/2 
second intervals are shown in the diagram 
atthe right. His total displacement of 
25.5 m at an angle of 28. 1 with the 
direction of the ship can be measured 
from the diagram. An analytical 
solution is the displacement = 


7 ½ mi ee Bo T 
at an angle with direction of ship = 7.5m+15m 
Arc tan 12 m/(71/2m+15m) 28. 17 


Direction of ship 


PROBLEM 23 A navy pilot, in plotting his trip to rendezvous 
with his carrier, learns that he is 600 nautical miles 


due south of the carrier at the time his position is 
determined. The carrier is on a course 15° east 
of north and is making 25 knots (nautical miles 
per hour). The wind at his flight altitude is from 
70° west of north at 40 knots. What must be his 
heading and air speed to make his rendezvous in 
just two hours’ time? 


In Figure (a) the plane is at P and the carrier is 600 nautical miles due north at C. 
During the next two hours, the carrier will move to R, 50 nautical miles 15° east of 
north from its present position. (The diagram has been distorted to show the small 
angles and vectors. Students will have to draw the diagram to a much larger scale.) 

the carrier the plane will have to travel the course from 


In order to rendezvous with the 
P to R in two hours. The displacement PR will be the vector sum of two simultaneous 
cal miles, 20° south of east and an 


displacements; a wind displacement W, 80 nauti 
unknown displacement of the pee through the air mass (PR= W. D. The latter 
may be found by subtracting W from PR as in Figure (b). PE thus represents the 
required direction and the distance the plane must travel through the air mass in two 
hours: 680 nautical miles with a heading 5° west of north. Since 680 nautical miles 
must be covered in two hours, the required velocity is 340 nautical miles per hour. 
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Figure (a) Figure (b) 


PRÓBLEM 24 


E . 
A screw has 24 threads to the inch and a diameter MANNA 0.25 in 
of 0.25 in. (See Fig. 6-35.) à p 
up 


(a) Find the resultant displacement of a point, 
P, shown on the screw, when the screw “advances” 
one turn, in terms of displacement up, down, 
right, left, into and out of the paper. 

(b) Do the same for 3 turn. 

(c) Do the same for 1 turn. 


right 


This problem requires students to visualize three-dimensiona] displacement vectors. 
It also illustrates the convenience of the component notation. 


a) When the screw advances one turn, the point P is again up. However, it has gone 


1/24''to the right. This is its net displacement. 


b) For 1/2 turn, the point P moves 1/48“, to the right and 1/4' down. Note that 
these components completely specify the displacement. It is almost Superfluous to say 


that the displacement is also,/(1/48)~ + (1/4)" = (1/48) x /145- inches, and 4. 8? to the 
right of vertically down. 


c) For 1/4 turn (and a right-handed Screw), the point P moves 1/96'' to the right, 


1/8" down, and 1/8'' toward the viewer. Here, especially, note how easily the com- 


ponent notation specifies the displacement. It is also easy enough to Say that the 


magnitude of its displacement 1s (5 ) 2 t (3) : T ( a) vx a inches, but describing 
the direction is more difficult. 
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PROBLEM 25 An object moving in a circular path with a con- 
stant speed of 2.0 m/sec changes direction by 30° 
in 3.0 seconds. 

(a) What is its change in velocity? 
(b) What is its average acceleration during the 
3.0 seconds? 


a) Suppose that at time t = 0 the object is moving with the velocity shown in diagram 


(a) as V4. Three seconds later, (b), it is moving with the velocity Vo (if we assume 


clockwise motion). The change in velocity is then V, * Wu, Shown in diagram (c). 


change in — | 
velocity, AV 


(a) (b) (c) 
From diagram (c), 1/2 AV = 2 sin 15°= 2X. 2588, AV = 1.035 m/sec. During the 3 sec 
interval the change in velocity is 1.035 m/sec. AV will always be directed from the 
position of the object when it is at the mid-point of the interval toward the center of the 
circular path. Assuming clockwise motion and 71 horizontal toward the right, AV will 


be directed 15° clockwise from vertically down. 

b) Since the change in velocity occurred in 3 seconds, the velocity was changing at 
the rate of 1.035 + 3 = 0.345 meters per second per second. This is the average 
acceleration during the 3 second interval. Like AV, the acceleration is directed from 
the position of the object when it is at the mid-point of the interval toward the center 
of the circular path. 


PROBLEM 26 A watch has a second hand 2.0 cm long. 

(a) Compute the speed of the tip of the second 
hand. 

(b) What is the velocity of the tip of the second 
hand at 0.0 seconds? at 15 seconds? 

(c) Compute its change in velocity between 0.0 
and 15 seconds. 

(d) Compute its average vector acceleration 
between 0.0 and 15 seconds. 


a) The tip of the second hand travels 27 X radius = 27 X 2 = 41 centimeters in 
60 seconds. It therefore has a speed of 7/15 = 0.21 cm/sec. 


b) Considering the watch is held vertically, the velocity at 0.0 sec is a vector 


9.21 cm/sec, horizontally to the right; at the 15 second point, it is a vector 
0.21 cm/sec vertically down. | 
c) The change in velocity is the vector 


difference between the velocities at 15 change in velocity 

and 0 seconds. It is a vector from 0 to 15 sec d 

0.21 X /2 = 0. 30 cm/sec directed at 45° velocity 
down and to the left. at 15 sec 


d) The average vector acceleration is 
the change in velocity divided by the time 
interval in which this change took place, 255 
in this example 15 seconds. The average d ei at 
vector acceleration of the tip of the second 


hand is then 0.30 4 15 - 0.02 cm/sec. down, and to the left at 45°. 
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PROBLEM 27 


Indicate on Fig, 6-36, the components of A and B 
along each axis. Show that the sum of the com- 
ponent of A and the component of B along each 
axis is the component of C along that axis. Then 
notice that you can get C either by adding A and 
B directly or by adding the components of A + B. 


This problem leads the students to demonstrate that two vectors can be added by 
adding their components. 


„The solution is almost given in Figure 6-36 of the text. Notice that the component 
of A along the horizontal axis is A and of B, E. A, + B give the vector 6. drawn 
here below the diagram. 6 is the horizontal component of È 
C= A+ B, but notice also that G = À + B+ A + B. 
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Chapter 7 - Mass, Elements, and Atoms 


Chapter 7 is the first of three chapters which present a brief but over-all view of some 
of the most important properties of matter, particularly of its constituent atoms as build- 
ing blocks, and of the almost limitless variety of structures and properties resulting from 
combinations of atoms. Students who have studied chemistry will be familiar with many of 
the conclusions reached in these chapters. Other students may have superficial familiarity 
with some of the ideas. Very few students, no matter what their background, already will 
have a clear idea of-why the conclusions presented are valid. Thus these chapters serve 
two principal purposes: 1)to provide an introductory picture of the structure and charac- 
teristics of matter, and 2) to increase students' understanding of how scientific conclu- 
sions are established and woven into a theory. The important concepts, and the evidence 
for them, are developed quite fully in the text, drawing from common experience. The 
ideas presented are fascinating to most students, and can be readily absorbed as a home 
reading assignment, necessitating only brief class discussion. 


The teacher must take particular pains, in Chapters 7-9, to avoid undertaking a de- 
tailed, quantitative treatment of the many topics introduced. A detailed view is not war- 
raüted at this point. ftany of the important concepts will be developed in greater detail 
in Parts III and IV after quantitative analytical tools have been developed. There are only 
a few facts to be learned“ in Chapter 7. A glance at Section 15 will provide a quick re- 
sume of the salient points which students are expected to appreciate as a result of studying 
this chapter. 


Chapter 7 treats matter first from a macroscopic viewpoint by considering mass, 
density, and the conservation of mass. Attention is then focussed on the microscopic 
aspects of matter, first on the chemical and spectroscopic evidence for the elements, and 
then on various physical measurements which enable determination of the sizes of atoms 
and their regular arrangement in solids. 


CHAPTER SUMMARY, 


Part A - Mass (Sections 1-6) Mass as measured in an equal arm balance is shown to be 
a reasonable measure for comparing the quantity of matter in various bodies, since it is 
an unchanging property of a body; in contrast, weight varies with the location of a body. 
The density of an object, the ratio of its mass to its volume, is a particularly useful mes- 
sure for comparing different materials, since density is independent of the size or shape 
of an object. The total mass ina given closed system is found to be conserved, despite 
physical or chemical changes which may occur within the system (for exactness, the mass 
equivalent of radiant energy must be included, usually as a negligible correction). 


Part B - The Chemical Elements (Sections 7-9) Many materials can be decomposed chem- 
ically into simpler substances. The elements are those substances which cannot be further 
decomposed by chemical means. Individual elements exhibit unique spectra when they emit 
light; different sources of evidence, spectroscopic analysis and chemical methods, agree 
on the identification of the elements. Spectrum analysis is à simple but powerful tool for 
determining the atomic composition of various substances. 


Part C- The Atom (Sections 10-15) Various kinds of evidence of the sizes of individual 
atoms and molecules are presented. The electron microscope and field-ion microscope 
permit precise determinations of the spacings between individual atoms in solids. Other 
evidence is furnished by the thickness of monolayers. Individual atomic particles which 
are emitted in radioactive disintegrations may be counted in bubble chambers, photo- 
graphic emulsions, and scintillation counters. Atoms, while discrete, are Seen to be so 
small that an extraordinary number of them are required to comprise a piece of visible 
matter, so many, in fact, that matter appears completely continuous upon ordinary ex- 


amination. 
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SCHEDULING CHAPTER 7 

As noted before, most of the material of this chapter should be treated as a reading 
assignment, and little time for class discussion need be scheduled. Class time is best 
devoted to discussion of experiments and solution of a few quantitative problems. 


If your class is on a short schedule, this chapter (along with Chapters 8 and 9) should 
be treated principally as a reading assignment with a minimum of class discussion. In 
this case, your class discussion should be limited sharply to the central ideas and exper- 
iments and to the solution of a few problems. (For a good summary of the main ideas of 
Chapter 7, refer to Section 15, page 123, of the text.) 


Many teachers who have been able to afford the time (something approximating the 
„long“ recommended schedule), have concluded that the understanding of chemistry fun- 
damentals reached by their students was well worth the time spent. 


10-week schedule 
for Part I 
Subject Class Lab 
Period Period 


RELATED MATERIALS FOR CHAPTER 7 


Laboratory. Experiment I-6 Small Masses. In this experiment, students assemble 
and calibrate a ‘‘soda-straw’’ balance which permits accurate measurement of masses as 
small as that of a single human hair. Students will get insight into some of the design 
problems of instrumentation for measuring small masses. This experiment can be done 
after Section 2. 


Experiment I-7 - The Spectra of Elements. In this experiment, students use a simple 
spectroscope to observe the characteristic spectra of a number of elements. This exper- 
iment should be done with Section 9. 


Experiment I-8 - Molecular Layers. In this experiment, students make a direct mea- 
surement of the upper limit on the size of molecules, by determining the thickness of a 
monomolecular film. The experiment can be done any time after Section 9 is completed. 


See the yellow pages for suggestions on these experiments. 


Home, Desk and Lab. The following tables classify probl i- 
problems according to their esti 
mated level of difficulty and the sections to which they relate. Those which are especially 
suited to class discussion and those which are home projects are indicated. Problems 
which are particularly recommended are marked with an asterisk (*). Answers to prob- 


lems are given in the green pages: short answers on page 7-11: 
solutions on page 7-13 to 7-28. pag ; detailed comments and 


Films. A film is planned on Atoms and Spectra’’, pertinent to Part B of the chapter. 
This film is not available at the time this guide is being written. The film ‘‘Measuring 
Small Distances", while not directly pertinent to Chapter 1, Shows some near-to-atomic 
distances as sensed with electron and fleld-emission microscopes. If you showed this 
film earlier, you can remind students that they saw a little of this kind of evidence when 


A. Matter and Mass 


Section 1 - Matter and Its Measure 

Section 2 - Mass in the Balance 

Section 3 - The Meaning of Mass 

Section 4 - Density 

Section 5 - Indirect Measurements of Mass 

Section 6 - Conservation of Mass and Conservation of Matter 


PURPOSE To introduce mass as a measure of the quantity of matter, to show how the 
mass of an object can be determined, and to give the masses of typical objects. 


CONTENT a. The equal arm balance can be used to compare masses. 

b. Mass is an unchanging property; in contrast, an object' s weight depends on its lo- 
cation as well as on its mass. 

c. The density of an object is the ratio of its mass to its volume; the concept of density 
is helpful in estimating masses. } : 

d. Total mass is conserved; in rare cases, such as in nuclear reactions, the mass 
equivalent of energy must be included in the accounting of mass. 
EMPHASIS This chapter is an introductory exploration of concepts that are useful in 
dealing with matter. We begin to develop the idea of mass. The fact that gravitational 


mass is defined by balancing should be tHe central idea. This is a simple refinement of 
crude notions about the quantity of matter. In Parts III and IV, students’ ideas of mass 


(and energy) will be broadened. 


. 
va 


1-4 


The idea of density requires no great emphasis. It is simply a handy idea for com- 
paring the masses of unit volumes of different samples of matter. Density is one con- 
venient index to an aspect of the distribution of matter in space. 


Classwork on these sections should be concerned principally with directing students: 
attention to the central ideas, and clarifying students' questions rather than extending the 
concept of mass (and density) beyond the level presented in the text. 

DEVELOPMENT Class discussion of problems such as 1, 2, and 4 can be used to con- 
sider the meaning of mass. Problems such as 6, 7, and 9 can be used as a base for a 
discussion of density. 

Using the concept of density to estimate masses may also be helpful. Some discussion 
of Table 2, page 101, should be interesting. The table below gives the densities of a few 
other substances. 


Table of Densities 


Light Elements Very Heavy Elements 
Density Density 
gm/cm? gm/ em? 

Lithium 0.53 Gold 19.3 
Sodium 1.5 Platinum 21.4 
Magnesium 1.7 Iridium 22.4 
Beryllium 1.85 Osmium 22.5 
phe. 478 Miscellaneous Substances 
Boron 2. 65 Liquid Hydrogen (-255* C) 0.07 
Aluminum 2.7 Gasoline 0.68 
Heavy Elements Ethyl Alcohol 0.79 
= eavy — Ice 0.92 
Iron 7.9 Sand 2:8 
Copper 8.9 Rocks in Crust of Earth about 2.7 
Bismuth 9.8 Woods (Oven Dry) 
Lead 11.3 Balsa 0.12 - 0.20 
Mercury 13.6 Ash 0.52 - 0.64 
(liquid) Beech 0.52 - 0. 72 
Cedar 0.31 - 0.70 
Elm 0.55 - 0. 66 
Maple 0.50 - 0.68 
Oak 0.65 - 0.98 
Pine 0.37 - 0.64 


Laboratory Experiment I-6 will be helpf i 
duse TENE elpful in giving students a feeling for how small 


Estimating Densities and Masses: If you want to extend your discussion of mass and 


density beyond the minimum, you can have some samples of different materials available, 


in simple geometric shapes if possible: it helps to have 
3 ; sampl 
individual students lift these samples and satiate the BM ume 


water will improve their ability to estimate. Let them check their estimates with a balance. 


whose mass is equal to that of the sample, is a direct visual indication of the sample 


3, 
density (in gm/em"). (Of course, the em 
1 : f pty beaker must be balanced — 
surement begins. Using colored water will make the results Pens debes cipe 
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Students can become familiar with densities of common substances by trying to esti- 
mate the mass of large objects of known size. You might suggest common objects, or 


perhaps simplify the geometry by asking for the mass carried by a 10 m? truck filled 
with different materials. Interest can be enhanced by having the students suggest the 
materials. Let one student use a handbook in which to look up the densities of any sug- 
gested material. 


Start with liquids and have the students find the mass of a given volume of water, 
alcohol, gasoline, etc. Then, try extremes such as liquid hydrogen or mercury. When 
you get to solids, you might begin with woods or rocks and then ask the students to suggest 
heavier materials. The most common suggestion for a heavy substance is lead; it is often 
a surprise to students that copper and silver are almost as dense, and gold and platinum 
are far more dense. The most dense metal is osmium. 


Archimedes' Principle Many of your students probably will have met Archimedes’ 
Principle, but if you have time, assign Problem 9, and discuss it in class. See the solu- 
tion to Problem 9 in the green pages, and emphasize floating rather than submerged ob- 
jects. A demonstration will help the students remember Archimedes’ Principle. 


If you are forced into a discussion of submerged objects, it would be best to speak 
of an apparent reduction in mass equal to the mass of the displaced water. Avoid any 
detailed discussion of forces at this time. If you have discussed submerged objects, you 
might mention the apparent reduction of mass of an object which is displacing air. (This 


amounts to 1.2 X 19? gm per om’; in precise measurements of mass a correction must 
be made for the buoyancy of air if the sample size is different from the volume of the 
standard masses, or ‘‘weights’’). Challenge the better students to find the true mass of 


a block of aluminum (density 2.7 gm/ em) if the apparent mass determined on a balance 
with standard brass masses (density 8.4 gm/em") is 8.4000 gm. (The aluminum 


displaces 3.1 cui of air while the brass displaces only 1 ems; therefore a net 2. 1 ems 
of air has been displaced by aluminum corresponding to 2. 5 mg. The actual mass of the 
aluminum block is therefore 8. 4025 gm.) 


COMMENT Mass vs. Weight Try to guard against the confusion between mass and 
weight without getting into a detailed discussion of forces or units. One way to emphasize 
this idea is to refer, after doing a problem, to the same problem on the moon, and ask 
which quantities are the same. Students are usually familiar with the idea that the weight 
of an object is much less on the moon than on the earth. The principal purpose of intro- 
ducing mass at this stage is to establish one quantitative measure of matter. Weight 

1s introduced because it is used in the simplest, intuitive determination of mass. (Prob- 
lem 3 illustrates the distinction between mass and weight, and a brief discussion of this 
probiem usually is enough to make the necessary distinction.) i 


This is clearly not the time to attempt a rigorous treatment of mass, which would 
involve forces, inertia, and energy all of which will be covered in detail in Part III. 
The only concepts which need be emphasized now are that there is a constant associated 
with each object, its gravitational mass, and that its weight depends on its gravitational 
mass and its position. These concepts can be covered quickly in a discussion of Problem 


3. 


of Universal Gravitation, which shows the pro- 


Topics to Avoid 1) Newton’ s Law 
1 12 should not be covered until it appears in the text 


portionality between weight and mass, 
in Part III. 

2) Inertial mass, which will be defined in Part III in terms of Newton’ 8 law of motion, 
mu not be discussed now. The relation between inertial and gravitational mass is dis- 


cussed in detail in the Guide to Part III. 


* 
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(3) The Equivalence of Mass and Energy. Do not get specific about the implications of 
“total mass’’ as used in Section 6 to distinguish it from matter. If some students ask 
you after class, you might tell them that the total mass is the sum of the mass which an 
object would have at rest (i.e., the rest mass) and the mass equivalent of the energy; all 
energy must be included: energy of motion, potential energy, and radiant energy. You 
can stress that the mass equivalent of energy is small, but it is best to defer quantitative 
statements or formulas until after energy has been defined in Part III. 

Supplement on Mass and Energy If students ask, you can tell them that radiant energy, 
such as light or heat,does have gravitational mass. For example, light is bent in the 
presence of a very massive object such as a star. 


The now famous formula, E = me’, expresses the equivalence of mass and energy. 


The constant of proportionality between them is the square of the speed of light, e. Mass 
is energy and energy is mass. The mass of a pail of water in which the water is at rest 
is less than the mass of the same pail of water with the water swirling around. However, 
no balance is sensitive enough to detect this difference. 


In many chemical reactions, energy is released as the chemical changes occur. The 
mass (energy) which is thus carried away is indeed negligible. For example, one kilogram 


of TNT releases about 109 joules of energy when it explodes, but this corresponds to only 
6 
Am= — mo 10 
(3 X10" m/sec) 


At this point in the course, the energy radiated as light or heat can be thought of as 
analagous to the gas that might escape from a chemical reaction. If the vessel is closed, 
no gas will escape; if the walls of the vessel were completely opaque, no radiant energy 
could escape, and the mass measured on a balance would remain constant. If energy does 
escape, as pointed out above, its mass is usually negligibly small. Even in fantastically 
energetic nuclear reactions that occur in the atomic bomb, only about 0.1% of the original. 
mass is released as energy. If we could completely contain the nuclear explosion and all 
its products in à container on a balance, we would observe no change in mass. 


There are some reactions in which there is 100% conversion of what we usually call 
matter into radiation. For example, a positron (positive electron) which has a mass of 


31 

about de 10 kg can combine with an ordinary (negative) electron whose mass is also 
9 X10 kg. The result is that Rp disappear (annihilate) and in their place appears 
pure energy equivalent to 18 X 10 kg (this is about 1 million electron volts of energy). 


From the above discussion you will note that confusion will be avoided if d 
i t 
refer to the ‘“‘conversion of mass to energy”. Radiation (energy) has mass. EU 


E kilograms. 


B. The Chemical Elements 
Section 7 - Chemical Analysis and Synthesis 
Section 8 - The Elements oe 
Section 9 - Spectrum Analysis 
PURPOSE To provide a bridge between the attér, 
microscopic building blocks, the atoms. oe pue 


CONTENT a. Pure substances (1. e., substances with unif 
.e., orm pr 
chemical reactions such as rearrangement, decomposition, and pi di d ae 
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b. Chemical compounds are specific, unvarying combinations of elements; the com- 
pounds can be decomposed chemically whereas the elements cannot. 


c. The analysis of spectra reinforces the conclusion, originally based on chemical 
evidence, that all matter is composed of a basic set of about 100 elements. 


EMPHASIS This material should be read at home, but will not require any significant 
class time for development because students have probably been introduced to most of 
these ideas in earlier science courses. Treat briefly. 


COMMENT Avoid Rigorous Definitions Many students will have seen oversimplified or 
circular definitions of the words ‘“‘compounds’’, elements“, and ‘‘atoms”. (For example, 
an element is sometimes defined as a pure substance which cannot be decomposed by chem- 
ical means; but the term ‘‘chemical means“ is difficult to define without using the terms 
“elements”? and ‘‘atoms’’.) Discourage the use of these definitions; by the time they have 
finished the course, the students will have a very clear idea of atoms and elements. At 
this stage of the course, the ideas as developed in the text are adequate, but they should 
not be memorized as though they give a complete picture. 


The simplest modern definition of an atom is based on atomic structure and the known 
existence of an atomic nucleus, consisting of protons and neutrons. An atom is an atomic 
nucleus surrounded by a number of electrons equal to its number of protons. An element 
is made up of atoms each of which has the same number of protons in its nucleus. 


The older definitions are circular because, to be correct, they must exclude nuclear 
changes. Thus, the terms ‘‘decomposable’’ or “by chemical means are sufficiently 
restrictive only insofar as they explicitly exclude nuclear changes. For example, a 
standard chemical decomposition technique is heating, but extremely high temperatures 
(as are being sought for thermonuclear reactions) can produce nuclear changes and con- 


vert one atomic species into another. 


In a similar way, the distinction between mixtures and compounds sometimes becomes 
fuzzy. Mixtures like salt water can be distinguished from simple chemical compounds 
such as sali or water which have unvarying chemical composition. But this distinction 
cannot be applied to very large molecules (such as protein molecules) which might con- 
tain millions of atoms. A few ''mistakes'' in the number or arrangement of the atoms 
does not necessarily change the chemical behavior of so complex a ‘‘compound’’. 


Spectrum Analysis Do not dwell on spectrum analysis or its implications now. Stu- 
dents can observe some spectra and do Experiment I-7, but do not try to go beyond qual- 
itative notions at this stage. 

e idea of a spectrum, the **Spectroscopes"' described in 
so that students are more likely to concentrate on the 
about the details of the instrument. There will be 
e for students to understand how and why spec- 


To give students an intuitiv 
Section 9 are intentionally crude 
Spectrum rather than on wondering 
ample opportunity in Part II of the cours 
troscopes work. 


In a similar way, the students should not be told now why elements emit discrete 
Spectral lines or why these lines differ for different elements. The spectra can be men- 
tioned qualitatively as a possible important clue to atomic structure. This clue will be 
picked up again and used in Part IV. z 
ra because of the interactions between the atomic 
nuclei which are superimposed on the basic interactions between the outermost electrons 
and the nuclei. This effect tends to ‘‘smear out the discreteness of atomic energy levels. 


In solids, the electrons interact with many nuclei and the spectrum of emitted lines be- 


comes almost continuous, resembling the spectrum of sunlight. The relative intensity 
perature of the solid than on 


of different colors in the spectrum depends more on the tem 
the material from which the solid is made. 


Bands occur in molecular spect 


C. The Atom 


Section 10 - Spelling Out Matter — Atoms 
` Section 11 - Seeing Atoms 

Section 12 - More Evidence of Atoms 

Section 13 - Counting Atomic Particles 

Section 14 - The Crowds of Atoms 

Section 15 - A Glance at the Chapter 


PURPOSE To point out that atoms are the basic building blocks of matter, and to pre- 
sent a number of direct experimental observations which support the atomic model. 


CONTENT a. Any kind of matter is merely a particular arrangement of the approxi- 
mately 100 types of atoms. 


b. Atomic size can be inferred from several types of measurements; the typical linear 
dimension of an atom is of the order of 2 X 10.19 m. 
C. A count of radioactive particles can be used to confirm estimates of atomic Spacings. 


d. Although the atom forms a natural unit, the huge number of atoms in even small bits 
of material obscures the individual building blocks and makes matter seem continuous. 


EMPHASIS This subject matter should be treated briefly. Students can get the general 
ideas from the text, and they can learn these better if they are not overwhelmed with 
more detail about experiments or other evidences pertaining to atoms. 


Use the limited time you have to go over the calculations in one or two Simple exper- 
iments (see DEVELÓPMENT below). Supplement these examples with laboratory work or 
demonstrations. yd D 


COMMENT The two most important ideas presented in these sections are that matter 
is composed of atoms and that one can learn some of the properties of atoms from direct 
measurements. Most students can extract these ideas from the text, but some Students 


The best way to help the students is to go over the reasoning and calculations involved 
in either a monolayer experiment or ina radioactivity counting experiment. 


This is definite 
(or additional facts you provide) necessarily prove the existence of atoms or give unchal- 
lengeable values for atomic sizes. Avoid introducing additional arguments and information 


It is best to begin a quartitative discussion assuming the existence of atoms (without 
making any special issue of this assumption) and then calculate atomic properties. Simple 


of matter, and a better appreciation for the realit of atoms ti 3 
by more rigorous arguments. : Eos ere oda 


Some students may be troubled by the idea of seeing“ i 
& atoms. They think of the te 
see in the usual sense, and they wonder what an atom looks like; 17 may — EE 
that atoms look like the cork balls in Figure 7-16. If questions arise, make it clear that, 
while the evidence given by the electron microscope, the field ion microscope, X-rays, 


7-9 


indirect, but interpretable evidence about the spacing of atoms. This spacing, we now 
know, is essentially the same as the atomic size, but the relation between spacing and 
size is not obvious to everyone, and some students may miss it. 


DEVELOPMENT Two different types of experiments which give rather direct information 
about atoms, and which students can readily understand, are measurements of the thick- 
ness of monolayers, and counting radioactive decay particles. 


A. The Thickness of Films. Students should do Experiment I-8, Molecular Layers. 
Class discussion of Problem 1 (see green pages for suggestions) can be used as a good 
prelude for this experiment. Suggestions for introducing the experiment itself will be 
found in the yellow pages on Experiment I-8. After completing the experiment, class 
discussion cf Problem 4 can help in making sure that students get the full meaning of 
the experiment. 


If you have time, you can show how to obtain information about molecular mass by 
doing Problem 5 in class. Note that the information given in the statement of Problem 5 
implies additional types of experimental data. A film thickness experiment gives only 
one linear dimension, but the problem also gives the cross sectional area. This type of 
detail can often be deduced with the aid of X-rays. (If the molecule were assumed sym- 


- 2 
metric its cross section area would have been estimated as (1.12 X 10 9m) 1. 24 * 
Da? m?. which is aboui 2.7 times the actual cross sectional area. However, an 


error factor of 3 in the volume would not change the order of magnitude estimates.) Ad- 
ditional experimental evidence is also needed to determine that there are 54 atoms per 


molecule; this number can be determined using chemical techniques. 


B. Atomic Size Deduced by Counting Atoms. Many students can understand Section 13 
without help if they study it carefully, but, if you have time, an interesting class discussion 


can be organized around Problems 7, 8, and 9. 


Problem 8 is the easiest and it can be used to motivate the other two. From the state- 
ment of 8, one learns the number of particles emitted by a milligram; Problems 7 and 
9.go over, rather slowly, the reasoning used to find this number. Problem 7 shows 
clearly how one can learn what fraction of the emitted particles reach a given detector. 
Problem 9 shows how one can decide what fraction of the decays occur in a given time. 


Note that even after these three problems have been completed, there are still un- 
checked assumptions used in the calculation. For example, ohe must assume that exactly 
one particle is emitted by each atom. There are nuclear radioactive decays in which 
several particles are emitted; there are others in which one particular type of particle 
is given off only by some of the atoms while other particles (which might not be detected 
in a particular experiment) are given off by the other atoms. We also assume that every 
emitted particle escapes from the source and travels a distance at least equal to the dis- 


tance from the source to the detector. Further we assume that the detector registers 
every particle. 
justifi i ts. However 

Once again, these assumptions can only be justified by other experimen s 
these mu experiments should not be mentioned. The students should understand the 
assumptions in order to understand what they are calculating, but the assumptions need 
not be stressed. For example, the assumptions can be summarized by stating that (a) 
(exactly) one atomic particle is emitted by each atom and (b) each atomic particle reaching 


the detector is recorded. 
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Chapter 7 Mass, Elements and Atoms 
For Home, Desk and Lab — Answers to Problems 


GENERAL Unless your schedule permits a fair amount of time, you will probably want 
to assign only a few of the problems in this chapter. Problem 9, while somewhat dif- 
ficult, may be particularly intriguing to your class, since it involves the „discovery“ 
of Archimedes’ Principle, which is not treated elsewhere in the text. 


The following tables classify the problems for Parts A, B, and C of this chapter 
according to their estimated level of difficulty and the sections to which they relate. 
Those which are especially suited to class discussion and those which are home projects 
are indicated. Problems which are particularly recommended are marked with an 
asterisk (*). 

Answers to all problems which call for a numerical or short answer are given 
following the tables. Detailed solutions are given on pages 7-13 to 7-28. 


A. Matter and Mass 


SHORT ANSWERS, Part A 


1. (a) No. 
(b) Volume changes. 
(c) No. 
2. See, discussion on page 7- 14, 
(a) Yes. 
ibrate rocks or any stable objects to make 


(b) Use nugget as standard, cal 
multiples and submultiples. 
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(c) Send the standard. 


enland. Least in Canal Zone. 

: e me ici 0.25% light; Denver, 0.11% light; Worcester, 0.03% light; 
Greenland, 0.19% heavy. Weight increases as latitude increases. Weight 
decreases as altitude increases. 

(c) No. 

4. Ais wrong; cracking a nut does not depend upon the pull of gravity. 

B could not do weighing because an equal arm balance does not work in the 
absence of gravity, but he could crack the walnut. 
C is right. i 


5. (a) 5. 50 X 10° kg/m”. 
(b) Presumably the lighter materials floated to the surface when the earth was 
molten. 


1. 3 x 10? kg. Probably not. 
(mass concrete + mass air) + combined volume < density of water. 


8. (a) 2X 10? boxes. 


(b) 9 X 104 kg. 
(c) 7.0 X 10? kg/m. 
(a) 3 : (b) 
9. Material Density, gm/cm Mass displ. water in gm 
Cork 0.17 10 
Wood 0.75 27 
Sponge 0.50 20 


(c) Fraction submerged in water = density of body. 
Mass of displaced water = mass of floating body. 

10. (a) Compare weights of a number of pieces of paper of equal area. 

(b) Assume uniform thickness of paper. 

(c) Optical micrometer could be used to check thickness at different points. 
11. (a) 0.889 kg. 

(b) 0.090 kg. 

(c) 0.270 kg. 


SHORT ANSWERS, Part B 


1. See discussion on page 7-20. 
2. (a) No. 

(b) Possibly. 

(c) No. 
3. (a) No. 

(b) No. 


(c) Zn and H, are elements. H Cl and Zn Cl, are compounds. 


4, (a) Hydrogen is the lightest element listed. 
(b) Silicon atom has a mass about 1/2 as great as 
(c) No, there is no information about volume. 


5. Water. 


the mass of the iron atom. 


T. 


6. The light from different sources has different colors and intensities. 
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SHORT ANSWERS, Part C 


1. Atoms of this size could be seen. 

2. See discussion on page 7-23. 

3. V-1.66 x 10 7? x. 
m = 4.48 X 10 79 kg. 
R= 1.27 x 10 19 m. 

4. (a) 0.45% 

&) 4.0 x10? 

(c) 8.0 X109 gm. 

(d 8.9X 107? ems. 
-7 


(e) 1. 1 * 10 em. 
(f) Yes. 


gm. 


5. (a) 2.1X 1918 molecules/mg. 


(b 4. 8 * 1022 gm. 


(c) 8. 9 * 10°24 gm. 
(d) 1.9 X10 7^ gm. 


6. 8 K 10 2 m» 3 


10° atoms. 
7. See discussion on page 7-26. 


8. (a) 3X10 7? gm/atom. 
(b 3x 10 29 m®/atom. Agrees with text computation. 


9. (a) See graph on page 7-28. 
(b) 119. 
(c) 16%. 
(d) 4 days. 


(e) 3x 1057 particles. This agrees with the polonium count. 


COMMENTS AND SOLUTIONS, Part A. 


PROBLEM 1 When shelling peas you may find that 12 full pea 
pods yield 12 empty pods and 91 peas, that is 103 
pieces in place of the original 12. 
(a) Has the quantity of matter changed? 
(b) Has the volume changed? 
(c) Has the mass — as determined by weighing 
on a balance — changed? 


This problem shows that mass is more suitable than volume as a measure of quantity 
of matter. : $ 
a) The quantity of matter has not changed, although the number of pieces has changed. 
The pieces have simply been rearranged in space. 


b) The volume changes. How it changes probably depends on how the pods are 
handled in shelling! If the pods are opened carefully along an edge, and the peas re- 
moved, allowing the pods to retain their original shape, the total volume of peas plus 
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pods would increase. If, on the other hand, the pods are ripped apart so that they can 
pack flat, the total volume of peas plus pods probably would be less. 


c) There would be no change in mass as determined by weighing. One must assume 
that there are no changes such as water evaporation. 


PROBLEM 2 Assume you are sent on a South American jungle 
expedition to analyze ore deposits. On arrival 
you find the laboratory equipment complete 
except for the standard masses. You do have a 4 
nugget of pure gold of unknown mass that you 
estimate to be about one kilogram. 

(a) Could you use the nugget as a standard 
mass for the duration of your work? - 

(b) It is impractical to have masses sent to you 
and you are determined to complete the work. 
How would you improvise a set of masses that 
would give dependable results? 

(c) Your quantitative results are to be mailed 
to the main laboratory in London. Obviously, 
the data in terms of your own standard mass would 
have limited meaning to them. How would you 
solve the problem of making the data completely 
useful for them? 


This exercise can be used as the basis of a brief class discussion. Students (and 
teachers) may wonder why the intrepid explorer chooses to use a gold nugget rather 
than water as his temporary mass standard; but using water would make things too easy. 


a) The nugget can be used as a standard mass. All “standard masses“ are simply 
calibrated in terms of one another, and the actual standard“ is quite arbitrary. In 
this case, the explorer would simply define his nugget as his standard, equal perhaps 
to one nug. (He should probably not trust his guess that this is a kilogram.) 


b) A set of working masses can easily be assembled. Search for rocks, etc., 
which will exactly balance the nugget (mass one nug), then for one to balance the nugget 
plus a one nug rock (mass 2 nugs), etc. In this way one could build up any desired 
sequence of masses greater than one nug. A useful arrangement would be 1, 2, 2, 5, 
10, 20, 20, 50, 100, etc., which will give any mass between 1 nug and 200 nugs to an 
accuracy of one nug. If the explorer wishes greater accuracy than this, he will have 
to assemble a set of fractional nug masses, using a similar procedure (e.g., carefully 
divide a one nug mass into two equal parts, keeping all the pieces, until the two halves 
balance-a stone which will balance one half is then a standard 1/2 nug, etc.). 


The above order of masses is the one commonly used for laboratory work. However, 
this is not the only satisfactory set. In fact, it would probably be somewhat easier to 
assemble a set to give a binary rather than a decimal order, such as 1, 2, 4, 8, 16, 


32, 64, 128, etc. In this sequence, each new mass is simply the sum of all the smaller 
masses minus one unit. 


c) The best way to avoid ambiguity in the interpretation of the quantitative results i 
is to send a standard one nug mass to London along with the data. If the explorer were 
provided with a way of determining the actual mass of his standard (e.g., by precise 
measurement of the volume of pure water which would balance it), he would presumably 


have done this at the beginning of his measurements, and provided himself with a 
standard kilogram rather than a nug. 


If the explorer is so stubborn as to refuse to part with one of his precious one nug 


masses, he could at least measure the mass of his data books in nugs before he shipped 
them off, and let the home lab use this mass to convert. i 7 15 FP 


. 
: 
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PROBLEM 3 The apparent pull of gravity varies with the altitude 
and the latitude. The relative amount of this 
pull at various places is indicated in the following 


table: 
A standard station 1.000000 
(sea level at 45° latitude) 
Canal Zone 0.997530 
Denver, Colo. 0.998923 
Worcester, Mass. 0.999652 
Greenland 1.001906 


(a) At which place would an object weigh the 
most? The least? 

(b) By what per cent would each of these 
weights differ from the weight at the standard 
station? In general what would you say about 
the variation in weight from place to place? 

(c) Does the mass of the object change from 
place to place? 


The purpose of this problem is to remind the student that mass is an unvarying 
measure of the quantity of matter, while the apparent pull of gravity on matter (weight) 
can vary. 


a) Since weight is the apparent pull of gravity, inspection of the table shows that the 
object would weigh the most in Greenland where the pull of gravity is greatest. It 
would weigh the least in the Canal Zone. 


b) The percentage difference in weights at each of the locations is as follows: 


1.000000 - 0.997530 : 
1; 000009 22 0 
Canal Zone: 1.000000 x 100 = 0. 2470% (light) 


Denver: à 0.1077% (light) 
Worcester: 0.0348% (light) 
Greenland: 0.1906% (heavy) 


The weight of an object yaries from place to place. It appears to be greater at low 
altitudes than at high altitudes (Worcester and Denver are at about the same latitude, 0 
but Worcester is a few hundred feet above sea level and Denver is “the mile high city“) 
and to be greater at a large degree of latitude than near the equator (compare Canal 
Zone and Greenland). Students may ask for an explanation of this variation in weight. 
At this stage it is probably best to say no more than that it is due to the combination of 
differences in distance from the center of the earth and to the rotational motion of the 
earth. An understanding of these factors should come throu 
Chapters 21 and 22) of the course. 


e. Mass 
c) The mass of the object does not change when it is moved from place to place 
ait measured by 5% with a standard on an equal arm balance. An equal arm 
on will be balanced at all other places because any 


balance that is balanced at one locati 
WM ae pre pull will be the same for both the standard mass and the object. 
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PROBLEM 4 The crewmen in a spaceship are discussing 
whether they could crack a walnut with a hammer. 
Man A says that hitting the walnut with the 
hammer would be no more effective than hitting 
it with a feather because the hammer is weightless 
out in space. B states that he found the mass of 
the hammer to be about one kilogram by compar- 
ing it with known masses on an equal arm balance; 
therefore, he could break the walnut as easily 
as back on earth. C maintains that the compari- 
son with other masses proved nothing because 
out in space they too are weightless, 

Comment on the statements of the crewmen. 
Can they crack the walnut? 


This problem points up the distinction between mass and weight. Avoid getting in 
too deep here-the students do not yet have any firm ideas about energy or momentum. 
Of course, crewman C is correct, since B could not have “‘weighed’’ the hammer in 
space-it would have balanced as well with a feather as with a standard kilogram mass. 
However, B is probably right in assuming that he can use the hammer to crack the 
walnut, since the impact on the walnut depends on the mass (actually on the momentum, 
my) of the hammer, not on its weight. Since A is completely wrong, and B is about half 


PROBLEM 5 The mass of the earth has been calculated to 


be 5.98 x 1024 kg. The radius of the earth is 
6.38 X 105 m. 


(a) What is the average density of the earth? 

(b) Would you expect the average density of 
the material near the surface to be the same as 
the average density near the center of the earth? 
State your reasons. 


a) Since density = mass/volume, the average density of the earth ig 
24 4 1 Ms 3 x 
9.98 X10 kg AUS T (6.38 X 10 m) - 5. 50 x 10° kg/m". 


b) The average density of the material near the earth’ s surface is about half this 
value while that of the material near the earth’ s center is about twice this value. Pre- 
sumably this segregation took place early in the history of the earth when the lighter 


constituents literally ‘floated’? to the top of the molten Sphere and the heavier con- 
stituents ‘‘sank’’ to the center. 


by Patrick M. Hurley. In particular, on pages 27 to 29, he states the density of the 
earth as a whole as 5. 515 grams per cubic centimeter. Figure 4 on page 29 shows 


PROBLEM 6 Cork is only one fourth as dense as water. Could 
you lift a sphere of cork one meter in diameter? 


A simple problem in density determination with a bit of a Surprise ending for 


students wae think of cork as light“. A sphere of cork 1 meter in diameter would have 
amass o . 


13 
43 vid one f kg. 


in more familiar units, this “light” cork ball weighs some 290 pounds! Most students 
would have trouble lifting it. / 


PROBLEM 7 During World War I a number of cargo vessels 
were made of concrete. It is known that any 
object which floats must have an average density 
less than that of water. How can you account 
for the fact that these vessels floated? 


This problem is concerned with density, but the discussion can get a bit sticky if the 
argument is permitted to run into excessive talk about the forces acting on a floating 
body. Concrete, of course, is more dense than water, and a block of concrete will 
literally ‘‘sink like a stone” if dropped into water. Concrete cargo vessels did not 
reach such an untimely end, as a usual occurrence, because they were filled with air, 
not water, and the average density of the ship (mass of concrete plus mass of air/ 
volume of concrete plus air) was less than that of water. 


Caution - This is no time to discuss the details of buoyant forces or the stability 
of floating objects. Confine your discussion to the problem at hand or continue with a 
discussion of Problem 9. A possible variation on the above problem is to inquire why 
a sponge floats when first tossed into water, but eventually sinks. 


PROBLEM 8 A quantity of confectioner's sugar fills a package 

16cm x 8.0 em. x 5.0 cm. 

(a) How many packages can be placed in a 
freight car 22 m X 24 m X 24 m? 

(b) If the mass of sugar in one of the small 
packages is 450 grams, what is the mass of sugar 
in the freight car? v 

(c) What is the density of the sugar? 


a) The volume of each pack of sugar is 
16 em x 8.0 % = aX TO an 


2 3 
The volume of the freight car is 22 m & 2. 4 m * 2. 4 m 1. 3 * 10 m. 


2 
Therefore, the car will hold 5 
6 


* 2 * 10° boxes. 


X10 
5 4 
b) The mass of sugar in the car is 2 X 10 * 0. 45 kg= 9 X10 kg. 


3 3 2 3 
c) The density of the sugar is 450 gm/640 em" = 0.70 gm/cm" = 7.0 X 10 kg/m . 


Students may worry excessively about whether or not the sugar boxes exactly fit 
into the freight car. For example, is 22 m/ 16 cm a whole number? According to the 
data given, this is not a fair question, since the length of the car is given only to the 
nearest meter, and may actually be 22.16 meters for all we know. Because of this we 
are concerned only with roughly how many times one volume is contained in the other. 
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PROBLEM 9 : A student knows that dense objects sink in water 
and that less dense objects float. He undertakes 
to find out something about the relations involved. 
He carefully measures the mass, volume, and 
submerged volume of several floating objects 
with the following results: 


Submerged 
Volume Mass fraction 
Cork 60 cm? 10 gm 0.17 
Wood 36cm 27gm 0.75 


Sponge rubber 40cm° 20 fm 0.50 


(a) What is the density of each material? 

(b) What is the mass of the water displaced by 
each object? 

(c) What general conclusions can you draw by 
comparing your computations with the original 
data? Your conclusions should be the same as 
those of Archimedes when he leaped from the 
bath shouting, Eureka!“ 


This exercise affords an opportunity for students to **invent' Archimedes’ Principle 
for themselves. It can serve well as a basis for class discussion. 


3) and b) Students should be encouraged to construct the following table: 


Material Volume Mass Submerged 1 Mass mL water 
em" gm fraction gm/ em? gm 

Cork 60 10 0.17 10/60 0. 17 0.17 * 60 X1- 10 

Wood 36 27 0.75 27/6 = 0. 75 0.75 * 36 12 27 

Sponge 40 20 0.50 20/0 0. 50 0. 50 X40 X1- 20 


c) The general conclusions to be drawn are immediately apparent: 
(1) A body which floats in water has a fraction of its volume submerged which 


is numerically equal to the density of the body i ?u 
RM c iR y y in gm/em' (i.e., the specific gravity 


MS m A body which floats in water displaces a mass of water equalto the mass of 
y. 


The second statement of Archimedes’ Principle. i | 
1 ple is probably a little better to empha- 
size. To show that it is the mass of the displaced water WII entere, suggest Har 
students quickly estimate the mass of the displaced fluid if the liquid were of density 


9 
2 gm/cm', or 10 gin / ems 


It is probably best not to get into the extension o 


on submerged objects. This will involve Pascal’ 
which would be too diversionary now. 


f this argument to buoyant forces 
S Law and arguments about forces 
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PROBLEM 10 (a) How would you use a sensitive balance to 
determine whether the local density varies in a 
sheet of notebook paper? 

(b) What assumption would you have to make 
about the paper? 

© How could you check the correctness of 
this assumption? Could you use the optical 
micrometer to check? 


D 


a) The simplest method would be to cut a sheet of notebook paper into a number of 
pieces of equal area and compare the weights of the pieces. 


b) This method would be based on the assumption that the paper was of uniform 
thickness. 


c) This assumption could be checked by measuring the thickness at a number of 
different places with a micrometer caliper. The optical micrometer could be used. 


PROBLEM 11 One kg of water is decomposed into the elements 
hydrogen and oxygen. The mass of hydrogen 
released is 111 grams. 

(a) What mass of oxygen do you expect to be 
released? 

When hydrogen is burned in air, water is 
formed. When 10 grams of hydrogen are burned, 
350 grams of air must be used. 

(b) What mass of water is formed? (Water 
always has the same proportions of hydrogen and 
oxygen.) 

(c) What is the mass of the unburned air? 

Note: If you do these experiments, the numbers 
computed from the conservation of mass agree 
with the numbers observed. 


a) Since mass is conserved in chemical reactions the mass of 
oxygen released = mass of water - mass of hydrogen released = 1 kg - 0.111 kg = 0. 889 kg. 


b) Mass of hydrogen burned or released is proportional to the mass of water formed 


or decomposed. 


pem bs 200% mass of water = 90 gm. 


c) Mass of unburned air = mass of air - mass of oxygen used 


= 350 gm - (90 gm - 10 gm) = 270 gm. 


COMMENTS AND SOLUTIONS, Part B 


PROBLEM 1 Three white crystalline substances — silicon 
dioxide (quartz), calcium chlorate, and sodium 


carbonate (washing soda) — are mixed together. 
It is desired to separate each of these substances 
from the others. Using the properties listed in 
the table, describe how you could do this. 


Solubility (gm/liter) P 
Substance 5 ii Water Water Alcohol 
uot 2.65 1400*C - Insoluble Insoluble Insoluble 
Mus 2.71 100°C 1777. Very soluble Soluble 
pose 215.2 4210 Insoluble : 


carbonate 1.44 32.5°C 


c-—— 
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This is a good exercise for class discussion. There are a number of simple ways 
of separating the three materials, using the given physical properties. The differences 
in density could be used with liquids of intermediate density which did not dissolve any 
of the compounds (e. g., only the sodium carbonate would float on a liquid of density 


1.5 gm/ cm’). The differences in melting point could also be used. If the whole mixture 
is heated, the sodium carbonate will melt above 32. 5° and run off, while just above 
100°C the calcium chlorate could be poured off. The simplest separation procedure 
involves the differences in solubility of the three compounds. If the mixture is poured 
into a large enough quantity of hot water to dissolve all of the sodium Carbonate, the 
silicon dioxide can be removed by filtration since it is insoluble. The water can be 
evaporated and the remainder re-dissolved in alcohol. Since only the calcium chlorate 
is soluble in alcohol, the sodium carbonate can be removed by filtration. The calcium 
chlorate is finally recovered by evaporating the alcohol. 


PROBLEM 2 Hydrochloric acid vapor —a pure substance — 
can be decomposed into two different gases each 
of which acts asa pure substance. On the basis 
of this evidence alone 

(a) Can the original vapor be an element? 

(b) Can either of the other two gases be an 
element? 

(c) Can you be sure that any of the pure sub- 
stances mentioned is an element? 


a) The original vapor cannot be an element since it was possible to decompose it 
forming two other pure substances. 


b) Yes, the other two gases could be elements. 


c) From the evidence presented, we know that the hydrochloric acid was not an 
element, but we cannot be sure that the gases formed by decomposition are elements; 
it might be possible, by other means, to further decompose these gases into simpler 
Substances. By further experiment we might be able to show that the gases produced in 
the decomposition of hydrochloric acid vapor are the elements hydrogen and chlorine. 
However, no simple chemical experiments could prove that decomposition is impossible. 
Our confidence that we now know elements is based on extensive chemical and physical 
evidence which enables us to order the elements in the periodic table. 


PROBLEM 3 When zinc metal is put into hydrochloric acid, 
the metal.is "eaten," a gas bubbles off and a 
“salt” is left behind. \ 

(a) On the basis of this information alone 
can you be sure which of the pure substances men- 
tioned are compounds and which are elements? 

(b) We then find that the gas acts just like 
hydrogen gas— it has the same chemical and 
physical properties. Also we find that hydro- 
chloric acid can be decomposed (see Problem 2) 
into hydrogen and chlorine. Can the “salt” be 
an element? 

(c) Using the table of known elements (Chap- 
ter 32) which substances mentioned are ele- 
ments and which are compounds? 


. 


a) On the basis of the information given in part (a) it is impossible to tell which 
substances are compounds and which are elements. : 


b) The salt cannot be a single element. The hydrogen must have come from the 
hydrochloric acid, and it is still necessary to account for the chlorine and zine. Since 
only one substance other than hydrogen was formed, it (the salt) must contain zinc and 


chlorine and thus be a compound or mixture. (Actually, the salt zinc chloride is formed.) 
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However, from the given data, it is conceivable that the apparent salt is a mixture 
(rather than a chemical compound) of two or more elements. 


c) Zinc and hydrogen are elements. Hydrochloric acid and the salt“, zinc 
chloride, are compounds. 


PROBLEM 4 By studying the information given in Table 3 

can you decide 

(a) Why hydrogen makes up only 0.1 per cent 
of the total mass of the earth's crust, althou 
in relative abundance it ranks fifth on the lisi 

(b) Whether the mass of a silicon atom is 
greater or less than that of an iron atom? 

(c) Whether silicon is more or less dense than 
iron? 


This problem is helpful in emphasizing the importance of atomic mass. The follow- 
ing answers are reasonable: 


a) Because hydrogen contributes only slightly to the mass of the earth’ s crust, 
although of high relative abundance, it must be light. From the table it is clear that 
hydrogen is the lightest of the listed elements. In fact, it ic the lightest of all elements. 

b) The mass of the silicon atom is less than that of the iron atom because silicon has 
relatively more atoms for a given mass. 


27.7 . 5.0 
33.9 53.1 


c) Nothing can be concluded about the relative densities of silicon and iron from this 
table. (Silicon happens to have a lower density and a smaller atomic mass, but density 
is a matter of the mass per unit volume, not the mass per atom.) 


PROBLEM 5 Table 4 suggests that a particular compound 
makes up the major portion of the human body. 


What is this compound? 


Table 4 shows that the most numerous atoms in the human body are hydrogen and 


oxygen and that they are present in about the ratio of 2. 5:1. Since the most common 
compound of hydrogen and oxygen is water, in which the ratio of hydrogen to oxygen 
atoms is 2:1, one might infer correctly that water makes up the major portion of the 
human body. Of course, the table alone does not prove that water is the major consti- 


tuent of the body. 


PROBLEM 6 Project — Construct. the three-color transpar- 
ent screen described in the text, Section 1-9. 
Use your screen to examine the light from vari- 
ous sources such as an incandescent bulb, a neon 
sign, a sodium vapor lamp, à mercury vapor 
lamp, etc. What conclusions do you reach? 


ake other than a gross determination of differences 


i i i i f light 
since it is difficult, using only the eye, to estimate the relative brightness o à 
especially when the uenti of different colors. For other than gross 10 n onan 
could use a light meter or photographic film for the measurement of the intensity of 
light coming through the various colored filters. He could also use a prism or grating 
as described in Section 9 and could sketch the relative spacing of the r lines. 
From such a study he would have evidence that substances, when mor g ue a nnd 
state at low pressure, give combinations of colors and intensities that are distinctive. 

5 lue part of the spectrum 


i j i hich the b 
- The incandescent bulb gives a continuous spectrum in w 
“is of low intensity. This spectrum depends mostly on temperature. From these 


The student should not expect to m 
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elementary experiments students cannot be expected to know that each element has a 
distinctive spectrum which provides a basis for the identification of elements. 


COMMENTS AND SOLUTIONS, Part C 


PROBLEM 1 Why are you sure there are more than 200 atoms 
in a spoonful of water? Use the evidence of your 
senses — not some numbers or sizes someone else 
tells you. 


This is a good problem for introducing and setting the tone of the entire discussion 
on Part C. Instead of dwelling on proofs about the existence of atoms, the students can 
immediately direct their attention to a problem with whith they can cope using data from 
their own experience. 


You will probably get many different responses. The simplest might be that if there 
were only 200 particles per spoonful, the particles would be visible. Assume that a 


3 
Spoon has a volume of 5 ems; then each atom would occupy about n =2.5X 107? cm? 


which corresponds to about a 0.3 cm linear dimension. Compare this with the size of 
droplets in fog. They are certainly much smaller. If anyone is unconvinced, challenge 
him to count the number of sugar crystals in a spoonful of granulated sugar. 


Another argument, which will be helpful in discussing monolayers, depends on the 


area which can be covered by a spoonful of water. If there were only 200 atoms, the 
linear dimension of 0.3 cm would imply an atomic cross sectional area of about 0.09 eme 


so that 200 atoms could only cover 18 ems. A spoon of water will wet a much larger 
area. You might demonstrate this by taking a single drop of water (which may vary from 


3, 
0.02 to 0.1 em’) and pressing it between glass plates. If you move the plates around, 


the drop will easily wet 100 cm". Ask the students what lower limit this evidence sets 
on the number of atoms in a spoonful. They should realize that if the linear atomic 


dimension is t cm the volume of water covering 100 em" must be at least 100 t em? 
and that if the volume of the drop is 0.1 em 


implies a volume per atom of about 10 ^ 


Of course, there are many, 
might find an increased lower 1 
have the students well on the w 
either surfaces other than glas 
using smaller drops of water. 


E] 


3 -= A 
, tis equal to or less than 10 $ cm. This 
em? or at least 5 X 10? atoms in a spoonful. | 


many more, and you can ask the students how they 
imit to the number of atoms in a spoonful. You will 
ay toward understanding monolayers if they suggest 
8 over which the water might spread more easily or 


This problem serves as a good introduction to the monolayer problems, 4 and 5. 
PROBLEM 2 


A moist Project (with a sensitive balance). 

Alter estimating the diameter of several equal- 

sized.soap bubbles, try to catch the material of the 

bubbles on a sheet of lightweight plastic such as 

Saran wrap, Weigh it and determine the average 

amount of material per bubble. Can you deter- 

mine the order of magnitude: of the thickness of 

the bubble wall? Compare this with the thickness 

of a monolayer, 
Note: You will find 


the solution easier if you 
use the fact that the ins i 


ide and outside areas of a 
bubble are very nearly equal and therefore the 
volume of bubble material is approximately given 
by either area times the thickness, : 
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A laboratory exercise for some of your mo 
with your students unless you have A rci spine oO 5 vite Sa nea dias 
is sufficiently accurate to permit a quantitative result. j Ordinary bubbl ja pma sagt 
more than a monolayer in thickness, usually more of the order of m virg TX 
wavelength of light (about 10, 000 A, about 1000 monolayers) a 


PROBLEM 3 A cube of aluminum 4.30 X 107? m on an edge 
as a mass of 2.14 x 107! k i 
4.78 x 10?' atoms. At 
(a) What is the volume of th i 
NE e cube occupied by 
(b) If the atoms are spherical and just fit inside 
the cube, what is the diameter of the atom in 
angstroms? 
(c) What is the mass of each atom? 


a) This problem is helpful in giving students more fam 

: iliarity wi 

atomic volume and mass. The total volume of the cube is fud MONI M 
(4.30 & 102) = 1.95 x10? m". 

Thus, the volume per atom is 


17.95 X10 /. 78 X 1074 = 1.66 X 10779. m". 


— —H: 


b) The mass per atom is 
2.14 * 10/4. 78 X 107^ = 4.48 X 1076 kg. 
c) The exact radius“ of each atom normally d 
: : y depends on the order of packing of the 
spheres. While this has implications in crystallography, how the atoms pack ee ARR 
* a os in calculating their approximate size, as the problem statement implies. 
is sufficient for students to assume that the atom is a sphere which fits inside 


the calculated atomic volume (1.66 X 1o 7 m, with a diameter equal to the length 


of an edge of the cube; 


thus 2R =A) 1.66 X 10 7? 22.55X ju m; 


n-1.27X107^ m. 


24 


PROBLEM 4 A student performs an experiment with mono- 
layers. He mixes 5.0 em“ of oleic acid with 95 


cm? of alcohol. He dilutes 5.0 cm? of this solution 
with 50 cm? more of alcohol. 
(a) What is the per cent of oleic acid in the 
solution? 
(b) What is the mass of oleic acid in one cm? of 
solution? The density of oleic acid is 0.90 gm/cm?. 
He now finds that 1.0 cm? of solution in his 
laboratory dropper gives 50 drops. One drop of 
. the solution on a water surface forms a mono- 
layer film with an average diameter of 32 cm after 
the alcohol has dissolved into the water. 
(c) What is the mass of the oleic acid in the film? 
(d) What is the volume of the film? 
(e) What is the thickness of the film? 
(f) Can the thickness be obtained without 
knowing the density? 
to review or prepare for the monolayer experiment. 


This problem can be used either 
e students understand the experiment. 


It provides a good check on whether th 
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3 3 = 1/20 oleic acid or 1cc in 20cc. If we 
5 oleic acid in 100 cm’ of solution : : 
td 989 95 this it will contain 5/20 = 250 oleic acid. Mixing this 5cc with 50cc 
alcohol gives 55cc of solution which will contain . 25cc oleic acid. 
waren cal 


LA = du i id 
55 220 0.4595 oleic ac 


: -3 3 3 
b) mass of oleic acid in 1 cm? of solution = 4.5 X10 m' X 0.90 gm/cm 


4.0 x10? gm. 


dg -5 
c) mass of oleic acid in drop = 4.0 X 10 " gm/50 = 8.0 X 10 gm. 
d) volume of film = mass of oleic acid in drop/density of oleic acid 


6.0 & 10˙5 gm/ O. 90 g/ emꝰ 


28.9X10 ? ems. 


e) thickness of film = volume of film/area of film 


5 


= 9.0 X 10? mn x (16 em)? 


= 1.1107" em. 
f| The thickness can be determined directly without knowing the density of oleic acid, 
since the volume of the oleic acid in the film can be calculated directly: 


volume of oleic acid in film = volume of oleic acid in drop of solution 


3 


-4.5X10 emi?/50 


5:9. 0330/9 eni? 
PROBLEM 5 The natural unit of oleic acid (a molecule of it) has 


a cross-sectional area of about 4.6 x 10-? m? and 
a length of about 1.12 x 10-? m. The density of 
oleic acid is 0.90 gm/cm?, 

(a) How many molecules are there in one milli- 
gram of oleic acid? 

(b) What is the mass of one oleic acid molecule? 

(c) This molecule is made of 54 atoms of different 
kinds. What is the average mass of these atoms? 

(d) Give an upper limit for the mass of the light- 
est atom in oleic acid. (Make this limit as small 


as you can.) 
This exercise extends the information obtain: 


the mass per molecule and the mass per atom. It thus gives the students some more 
order of magnitude estimates; this time,of masses. In order to avoid confusion it is best 
to defer the consideration of mass until after the students have mastered the arguments 
about size which are used in Problem 4 and in the monolayer experiment. 


a) 1 mg Ms oleic acid occupies a volume equal to this mass divided by the density 
` 0.90 gm/em'". 


2 -3 
Volume of 10 gm -.. 10 gm _ I5 c1g/ cm 
0.90 gm/em? 


able in a monolayer experiment to include 


725 


But each molecule oceupies a volume given by the product of its cross sectional area 
and its length. ‘Wad 


Volume occupied by 1 molecule = (4.6 X Xo s i") X (1.12 X 107? m) = 5. 2 X 10˙28 aie 
3 m xs 
- 5.2x 10 75 m? (We) -5.2x10 7? em? 


Therefore, the number of molecules per milligram is: 


77 x volume occupied by 1 mg 
Molecules per milligram = volume occupied by 1 molecule 


3 23 
IS 
-LIX 29.5 z2.1X 1018 molecules/ mg. 


5.2X10 ^" em 


Some students may askabout whether one can always be sure that molecules or atoms 
always pack in so tightly that the volume of one unit times the number of units always 
gives the total volume (i.e., the students worry about possible empty spaces). If one 
were trying to do very precise work, the exact packing of units would be a problem. We 
do not want to worry about such fine details. This chapter and these problems are de- 
signed to give direct, uncomplicated indications of atomic parameters. For this 
purpose, the differences arising from packing factors are trivial. : 

b) The mass of the molecule can be determined directly from the answer to part (8). 


Since there are 2.1 X 101? molecules in one milligram, each molecule must have à mass 
of: 


- -22 
Mass of molecule = — cet =4.8 X10 5 mg = 4.8 X10 gm. 
2. 1 * 10%“ molecules 
(Note that if an extra significant figure were carried from the beginning, there would be 


4 110 
2.14 x 1019 molecules each with a mass of 4. 6T X 10 ms.) 


c) \ The average mass of an atom is the mass of the molecule divided by the number of 


atoms: ^ 
-22 
x -24 
Average mass of atom = E 545 = 8.9 810. gm. ¿ 


d) The upper limit that can be set on the lightest atom in the oleic acid molecule 
depends on how much is known about the chemical formula of oleic acid. If nothing is 


known other than the fact given in the problem statement that there are 54 atoms of 
different kinds present, the upper limit of the lightest could not be set much below 


8.9 x 10774 gm. 


If students assume that oleic acid is mostly carbon and hydrogen and that there are 
about 2 hydrogen atoms for each carbon, this implies that of the 54 atoms, 36 are 
hydrogen atoms. Using the fact that carbon has 12 times the mass of hydrogen, it can 
be argued that 2/(2 * 12) or 1/7th of the mass of the molecule is due to hydrogen. Then 

i ) xX (4.8 X 10°22 gm) = 6. 9 X 10723 gm of mass are contributed by 36 hydrogen atoms 
or that the maximum mass of hydrogen would be 


» -24 
6.9 x 10 79 gm/36 atoms 21.9 X10 ^ ga. 


Note: If the students have studied chemistry and know the formula for oleic acid, 


fhey can calculate the mass of the hydrogen atom rathe han merely giving an upper 
limit. | 
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The atomic formula for oleic acid is €i gis 402 The total atomic mass in atomic 


mass units (C = 12, H=1, and 0= 16) is (18 X 12) + (34 X 1) + (2 X 16) = 282. Thus 


-22 f y 
the molecular mass determination of this experiment, 4. 8 & 10 gm, implies that 
one atomic mass unit is 4.8 X 10 77/282 = 1.9 X10 "^ gm. (If more figures had been 


carried, this value would be 1. 66 X 19 44 gm which is much closer to the actual value.) 


PROBLEM 6 Fig. 7-15 shows a crystal of necrosis virus protein 
magnified about 8 X 10* times. Measure the 
diameters of several individual protein molecules 
and find the volume of one molecule. Use the 
known radius of a carbon atom, about 10 m, 
to find the order of magnitude of the number of 
atoms in the virus molecule. 


This is an example of the direct“ measurement of the size of a fairly large molecule 


The last part of the question requires an assumption about the dominance of carbon 
atoms in a virus molecule. From the figure, the diameter of a molecule is about 2 mm. 


Taking a magnification of 8 X 104, the diameter of each molecule is about 
2 * 19? m/8 X 10* wae 1078 m. The volume of each molecule Ís then about 


(2 X 107 3 5 8x qt m? (in this approximation it is sufficient to replace each little 
Sphere with a cube of edge equal to the diameter). From the data given, the volume of a 


carbon atom is about (2 X 10710 m)? =8X 19778 m. Thus, taking the spacing of atoms 
in a virus molecule as the spacing of close packed carbon atoms, the virus molecules 


each contain about 8 x 10 74/8 x 19790 = 109 atoms. 


PROBLEM 7 In the description of scintillation counting it was 
stated that only one particle in every 10° sent out 
from the source reaches a square screen 10-* meters 
on an edge at a distance of one meter. Prove that 
this statement is true if the source radiates equally 
in all directions, 


If the particles are sent out in all directions, they are distributed uniformly over 
any sphere which is centered at the source. If we consider a sphere whose radius is 


1 meter, its total surface area, 4 R?, is 47 meters^, Thus the particles are distributed 
uniformly over 47 m”,but the screen in this case has an area, A, of only 


74 Quis cB ; j 85 
(10 ) = 1078 m2. Therefore, the fraction hitting A is E bons m0 N S: 


In general, an area A at a radial distance R intercepts a fraction 


= 5 if the source 
ATR 


sends particles in all directions. (Of course, A and R? must be measured in the same 


units.) 


PROBLEM 8 From scintillation counting we know that about 
3 X 10" particles are emitted by a milligram of 
polonium in the course of complete decay, 

(a) Assuming that one particle is given off by 
each atom, what is the mass of a polonium atom? 

(b) Now, using the approximate density of 
polonium, 10 gm/cm?, find the volume occupied 
by a polonium atom. Check with the number 
computed in Section 7-13. i 
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x 
a) mass = 10^? gm/3 X 107? atoms = 3X 10 7? gm/atom. 


b) volume - mass/density 


3 x 107? gn/atom |. x10723 om3/ 29 3 
- - cm"/atom = 3 10. / 
E. ra m /atom. 
" Within 19 eure of the data this result (3 X 10 agrees with the value 
(3. 5 * 10 m/ atom) computed in Section 13. 


PROBLEM 9 The rate of decay of a sample of radon gas is timed 
by counting its activity. On the first day, 0.1 milli- 
gram of radon emits 43 X 1016 particles. The 
following readings of per cent of original activity 
were found for successive days: 


Per cent of Per cent of 
Days Original Days Original 
Elapsed Activity Elapsed Activity 
6 


0 100 34 
1 84 7 27 
2 70 8 24 
3 59 9 20 
4 49 10 17 
5 4l 


(a) Plot the activity as a function of time. 

(b) What fraction of the original quantity of gas 
would remain after twelve days have elapsed? 

(c) What fraction of the radon changes in a day? 

(d) How many days elapse before only half of 
the radon is left? 

(e) What is the total number of particles that a 
0.1-milligram sample of radon gives off? Compare 
this with the polonium count. 

Note: The total number cam be obtained by 
using this geometric series: ` 


1 
,, ma 


Here f is the ratio of the second day's activity to 
that of the first day. You can also approximate 
the total by using the area under thecurve of activity 
vs. time. 


a) The graph will be approximately linear if plotted on semi-log paper with activity 

plotted on the logarithmic scale and time on the linear scale (or plot log activity vs. time 
on linear paper). However, the total number of particles emitted cannot be approximated 
from the area under the curve on a log plot. A linear plot will be required to show this. 
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time - days : time-days 


b) Reading from the graph, about 11% of the original gas would be left after 12 days, 
Since the count rate of the remaining sample is about 11% of the initial count rate. 


c) About 16% of the radon changes per. day (100 - 84)/100; (84 - 70)/84; (70 -59)/70, 
etc. 


d) Half the initial radon is left after about 4 days (4 day half-life). 

€) The total number of particles given off in the decay is the sum 
4.3 x 1076+ (0. 84) (4.3) 19194. (o. „%%% (4,3) 1010.5... Thie can be 
rewritten as 


T 


But 0. 7 = (0. 840 2, 0. 59 = (0. 840 etc.; that is, every day the counting rate drops by 
a factor of 0.84. Therefore the total number of counts is 


4.3 x 1016 [2 + 0.84 (0.847 + (0. 843 . 
But, from the formula given in the problem statement this is equal to 


16 
4.3X10 n 17 
10.8 * 3X10. 


This total count is equal to the polonium count given on page 122 of the text. It is a good 
idea, particularly if this problem is done in class, to check the Statement that the total 


number can be found by using the area under the curve (remembering that a linear plot 
is required to show this). 2 


. 
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Chapter 8 - Atoms and Molecules 


Using chemical and physical evidence, Chapter 8 considers the atomic and molecular 
nature of matter. Despite its manifold forms and characteristics, all matter is seen to 
be made up of about a hundred atoms. The chapter begins with a fairly extensive dis- 
cussion of essentially conventional chemistry, which may have to be treated lightly un- 
less considerable time is available for class discussion. 


CHAPTER SUMMARY 
The chapter divides naturally into three parts: 


Sections 1 through 7 begin with the law of constant chemical composition and the law 
of multiple proportions. The problem of determining molecular formulas is then attacked 
with the aid of an actual count (from radioactive decay) of the number of gas atoms per 
unit volume. The observation that equal volumes of the measured gases contain equal 
numbers of molecules is then used as the basis of a hypothesis that this fact is true for 
all gases. Verification of this hypothesis then leads to the law of combining volumes, 
molecular and atomic masses, and Avogadro' s number. 3 


Sections 8 and 9 discuss isotopes and the inner structure of atoms. Attention is called 
to the fact that all atomic masses are (approximately) integral multiples of the mass of 
the lightest atom, hydrogen. On the basis of this fact it is presumed that all atoms are 


built from hydrogenic units. 


Sections 10 through 16 discuss the wonderfully complex world of large atomic struc- 
tures, beginning with relatively simple organic molecules, then to elementary biological 
entities, and finally to a consideration of the crystalline state of matter. 

The development of these topics focuses both on some of our conclusions about the 
structure of matter and how these conclusions were reached. Through seeing something 
of how the structure of matter has been unraveled and where the current boundaries are, 
students should get a deeper understanding of the nature of the scientific quest. 


SCHEDULING CHAPTER 8 
this course with one in chemistry, you will probably want 


Unless you are integrating obal 
to let the text carry the burden of presenting the material of this chapter, utilizing one 
to highlight a few sections. If you wish to cover Sections 


or two days of class discussion ) 
1-7 quantitatively, several days of class discussion should be devoted entirely to these 
sections, as noted in the 10-week schedule given below. Except for Avogadro' s number 
and atomic dimensions, the material in Chapter 8 will not be needed later jn the course; 
thus à very brief treatment may well suffice. In a short schedule, assign the entire 

to class discussion. If at all possible, try 


chapter as a home reading assignment prior : c 
to save à half hour for Alan Holden’ s fascinating movie „Crystals“, which is described 


below. 


10-week schedule 6-week schedule 
for Part I for Part I 


Class Periods Class Periods 
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RELATED MATERIALS FOR CHAPTER 8 


Laboratory. While there are no laboratory experiments specifically designed for 
Chapter 8, many students will enjoy growing crystals as home activity, and should be en- 
couraged to try it. ‘‘Crystals and Crystal Growing’’, by Alan Holden and Phylis Singer, 
is an excellent general description of crystals and their characteristics and supplies a 
great deal of detailed information on crystal growing. This book is one of the Science 
Study Series. à 


Home, Desk and Lab. The following table classifies problems according to their esti- 


mated level of difficulty and the sections to which they relate. Those which are especially 
suited to class discussion are indicated. Problems which are particularly recommended 
are marked with an asterisk (*). Answers to problems are given in the green pages: 
short answers on page 8 - 9; detailed comments and solutions on page 8-10 to 8-17. 


Films. Atoms and Chemistry’’, by Dr. Robert St. George of The Cambridge School. 
This film discusses and demonstrates the law of constant composition and the law of 
multiple proportions, by experiments centering about the electrolysis of water, the 
recombination of hydrogen and oxygen, and the quantitative decomposition of three 
nitrogen-oxygen compounds. Running time: 21 minutes. 


“Crystals”, by Dr. Alan Holden of the Bell Telephone Laboratories. This is a 
fascinating account of the nature of crystals, describing how erystals are formed and 
why they are shaped as they are. Actual growth of crystals is recorded under a mic- 


roscope and recipes are given for growing crystals. Crystal phenomena are directly 
related to the concept of atoms. Running time: 25 minutes. 


A film on Molecules“ is in preparation. 


Section 1 - The Laws of Chemical Composition 

Section 2 - The Problem of Determining Molecular Formulas 
Section 3 - The Number of Particles in Gases 

Section 4 - The Determination of Molecular Formulas 
Section 5 - The Law of Combining Volumes 

Section 6 - Molecular and Atomic Masses 

Section 7 - Moles and Avogadro’ s Number 


PURPOSE To summarize the chemical evidence for at 
atomic masses. oms and the determination of 


CONTENT a. The law of constant chemical com 
chemical compound contains the same proportions 
it can be analyzed. 


position: Every pure sample of a 
by mass of all the elements into which 
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b. Law of multiple proportions: Whenever two elements combine in more than one 
way into different molecules, the ratio of the different masses of one element which 
combine with a given mass of the other is in the ratio of small whole numbers. 


c. By counting atomic particles, one can find that, at room temperature and normal 


pressure, gases which can be measured by this technique have 2.5% 1025 particles per 


3 
m 

d. Avogadro' s hypothesis states that at the same temperature and pressure, the num- 
per of molecules in equal volumes of gases is the same. 


c. By comparing the masses of a particular element formed from the decomposition of 
equal volumes of different gaseous molecules containing that element, one can determine 
the number of atoms of the element in each of the molecules. 


f. Law of combining volumes: When compounds are decomposed, the volumes of 
different gases produced under the same conditions of temperature and pressure bear 
whole number relations to each other. When compounds are produced by a chemical 
reaction between gases, the volumes of gases consumed also exhibit simple whole-number 
relations. 


g. Our knowledge of the mass ratio of atoms together with our knowledge of the mass of 
the hydrogen atom (1. 67 X 10 74 gm) enables us to find the mass of any atom. 


h. The chemical atomic mass scale defines the mass of oxygen as exactly 16.0000; all 
other masses are given their values relative to this standard. The physical mass scale 


is defined by assigning a particular kind of oxygen (o!9 a value of exactly 16.0000. 


i. Avogadro' s number is defined as the number of 8 atoms in exactly 16 gms; it 
has the value f 


j. A mole of any identical object is 6.025 X 1073 of these objects. The mass in grams 
of one mole of any atom is numerically equal to the mass of the atom expressed in atomic 
mass units. A mole of any gas at atmospheric pressure and 0°C occupies 22.4 liters, 
and has a mass equal to the gram molecular mass of the gas molecule (equal to the gram 
atomic mass only for monovalent noble gases). 


EMPHASIS Sections 1 through 7 briefly sumarize material which usually is taught in 
chemistry courses. If your students have had chemistry, you may want to go quickly 
over a few of the exercises for review; these students should find the exercises easy. 
If your students have not had chemistry, you cannot expect them to learn all of this 
material in the short time available. If you are rushed for time, you can treat all of 
these sections simply as a reading assignment. If your time is limited, spend it on 


Table 3, molecular formulas, and the meaning of a mole. 


COMMENT Compounds and Mixtures. In most cases, the distinction between com- 
pounds and mixtures is clear. However, a precise determination of whether a given 
substance is a compound“ or à mixture“ may be far from simple. For one thing, 
it is very difficult to get an absolutely pure sample of anything. Impurities of one part 
per million or less are often not extractable. 


Most of the metals in common use are mixtures rather than elements or compounds. 
There are a variety of steels each of which has, mixed with iron, à definite amount of 
carbon together with other elements such as manganese, cobalt, nickel, ete. Brass is 
copper and zinc, duralis aluminum and copper, 14 carat gold” contains gold and 
silver, bronze is copper and tin, and solder is tin and lead. The compositions of many 


of these may vary without changing the name. The physical properties of alloys vary 


„in a fairly regular way with composition. 


Compounds of Nitrogen and Oxygen 


Chemical Name State at Characteristics Boiling Characteristics Melting Characteristics 
Name 20°C of Gas Point °C of Liquid Point °C of Solid 
N,O Nitrous gas colorless -89.5 colorless -102.4 colorless 
oxide 1.98 gm/liter ' density 1.23 cubic crystal 


Produced by heating ammonium nitrate, NH 4NO,— 2 H,O + N,O 
Dissolves in cream under pressure; when released it forms bubbles, like whipped cream. 
This is laughing gas“, used as general anesthetic. 


NO Nitric gas colorless -151.8 blue 
oxide 1.34 gm/liter density 1.27 


Produced by reduction of dilute nitric acid (6 Normal) with Cu or Hg. 3 Cu+ 8 H +2 NO, 


-163.6 blue 
“+3 cu +4 H,0+ 2 NO 


Na and NO, are produced in the same reaction. 


N50, Dinitrogen gas red-brown 3.5 blue-liquid -102 blue 
trioxide 
Can be formed by cooling a mixture of NO and NO,. When dissolved in HzO, forms nitrous acid: N03 + H,O~ 2 HNO, 
NO, Nitrogen liquid red 
dioxide 
21.3 -9.3 
Ny O 4 Dinitrogen liquid colorless 
tetroxide 
NO, and N,O, always exist in equilibrium; they can be formed from concentrated HNO, and Cu 
N04 Dinitrogen Solid decomposes 47 30 white 
pentoxide i crystal 


Formed by dehydrating HNO, with P905 or oxidize NO, with ozone. 


N O4 Nitrogen blue gas 
trioxide 


Decomposes at ordinary temperature. 
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We mention alloys mainly because the students rarely encounter a pure metallic ele- 
ment in everyday life; the one common exception is copper, which is often used in pure 
form for electrical wiring. The main reason that pure metallic elements are not used is 
that they are usually quite weak mechanically. Adding other elements to form alloys in- 
creases the mechanical strength. However, adding other elements also increases the 
electrical resistivity, which explains why pure copper is used widely. (This increase in 
resistivity is so great that if the combination of mechanical strength and low electrical 
resistance is needed, strands of steel are generally woven together with strands of copper 
in making the wire, rather than using an alloy.) 


The Compounds of Nitrogen and Oxygen. The classic example for the law of multiple 
proportions are the compounds of nitrogen and oxygen mentioned on page 127 and described 
in the table on page 8-4. (Some of these compounds are used in some of the demonstrations 
in the film Atoms and Chemistry’’.) These oxides can also be used to illustrate the 
variety of properties which can result from different simple compounds made of the same 
material. The properties of the oxides are given in the table. 


Section 8 - Atomic Masses and Integers; Isotopes 
Section 9 - The Innermost Structure of Matter 


PURPOSE To suggest that atoms themselves are made of building blocks — protons and 
electrons (and neutrons). 


CONTENT a. Atoms of any one element have the same chemistry and (nearly) the same 
optical spectrum; they may have different masses; in this case they are called different 


isotopes. 


b. Any matter can be broken down to the element hydrogen. Hydrogen itself consists 
of a pair of natural units — 4 proton and an electron. All matter has one proton for each 


electron. 
c. Mass is a count of the number of hydrogen units (proton plus electron) into which 
any piece of matter can ultimately be resolved. 


EMPHASIS Students will meet the ideas of these sections again in Part IV after they 
have learned about electrical charge. If you are rushed, you can defer class discussion. 
However, this material is the logical climax of the atomic picture at this level. Atoms 
are the building blocks of matter and hydrogen units“ are the building blocks of atoms. 
Further, students will have many questions they would like to ask (only some of which 
you will want to answer). Thus, you should give some class time to this material. 


i : . The discussion of hydrogen 

COMMENT A Simplified Picture of Atoms and Elements m 

units as building blocks opens the way for a simple accurate description of atoms and 

elements, although these matters will be covered in Part IV. 
tly equal to 

ic nucleus surrounded by a number of electrons exac 

the aue in the nucleus. Chemical reactions involve sharing and rearrange- 

ment of the outermost electrons. For this reason atoms which have the same number of 

electrons (and therefore protons) have the same chemical properties, and therefore be- 

long to the same element. 

same element differ only by the number of neutrons in the nucleus. 


ilar to a tightly coupled proton and electron.) 


i i i its, is almost exactly 
le isotope, expressed in atomic mass units, 
sone 1 8 This er is the sum of neutrons and protons in the nucleus. 
For simplicity, the text assigns one hydrogen unit to either the neutron or the proton. 
Because He number of hydrogen units is (to within 1%) equal to the atomic mass, a 
i ter whi d t 

„count of the hydrogen units is à measure of mat 

In fact, 51 units are the building blocks, they are a basic measure of matter. 


Isotopes of the 
(The neutron is sim 
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(When the atomic mass of an element differs by more than 1%, from a whole number, 
this discrepancy is always due to a mixture of isotopes.) 


Supplementary Notes on Nuclear Physics. Although this is certainly not the time to 
discuss any details of nuclear physics, the material in Appendix 2, at the back of this 
volume, may help you answer questions. None of the information in the Appendix is in- 
tended for class presentation. Rather than risk confusing many students, questions re- 
lating to this material should be answered outside of class. 


Section 10 - Molecules — Structures and Properties 
Section 11 - The Study of Organic Molecules 
Section 12 - The Chemistry of Life 


PURPOSE To show that physical and chemical properties of molecules are related to 
the atomic characteristics of the molecules; to indicate that organic molecules, despite 
their complexity, are composed of the fundamental building blocks of matter — atoms; 
and to extend the discussion of atoms and molecules to the structure of living things. 


CONTENT a. The physical and chemical characteristics of molecules are related not 
only to the identities and numbers of atoms present, but to how the atoms are physically 
arranged. à 


b. Organic molecules, especially those encountered in living systems, are frequently 
of great complexity. However they, like simpler molecules, are built of atoms, and 
their structure is the key to their behavior. 


EMPHASIS While this materialis of great interest, it should not be carried much be- 
yond the level presented in the text. Treat as a reading assignment. 


COMMENT You may want to have The Physics and Chemistry of Life (A Scientific 
American Book, published by Simon and Schuster, New York 1955) in your class library. 


It has many reference works in its bibliography. Additional interesting articles appear 
constantly, in the Scientific American and other magazines. ‘The Physical Solution 
of Biological Problems” is one of the planned titles in the Science Study Series. 


Section 13 - Molecules and Solids 

Section 14 - Crystals: The Physics of the Solid State 
Section 15 - The Geometry of Crystals 

Section 16 - Order and Disorder 


PURPOSE To introduce, briefly, the role of atoms in forming erystals and how crystal- 
line structure affects properties of solid matter. 


CONTENT a. When atoms or molecules take up their places in a solid erystal, the 
molecules and even atoms sometimes begin to lose their distinctiveness. 


b. Most solids have very definite crystalline structures. 


c. The elegant shapes of crystals, and the particular geometry of crystals depends on 
the way the individual atoms or molecules of a crystal arrange themselves; the local 


stacking (and not the shape of the individual atoms) determines the macroscopic crystal- 
line shape. 


a d. od physical properties are related to the erystalline Structure (or to imperfec- 
ons in it). 


EMPHASIS The text will carry the subject matter well and little class time will be needed 


to explain the ideas. It will be far better to observe crystals, clea then 
than to talk about them. A . 


ae 
Ht 


d 


XE 
8 8 
23 
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Chapter 8 - Atom& and Molecules 
For Home, Desk and Lab — Answers to Problems 


GENERAL Unless your class schedule permits a fairly extensive treatment of the 
material of this chapter, you will probably wish to assign only a few of the problems. 
The following table classifies problems according to their estimated level of difficulty 
and the sections to which they relate. Those which are especially suited to class 
discussion are indicated. Problems which are particularly recommended are marked 
with an asterisk (*). 


Answers to all problems which callfor a numerical or short answer are given 
following the table. Detailed solutions are iw on pages 8-10 to 8-17. 


SHORT ANSWERS 


1. (a) No. 3. (a) Related by simple integers. 
(b) See discussion on page 8-10. (b) All except 2nd pair. 
2. 1 carbon atom to 2 hydrogen atoms. 4. (a) 3X 197 kg. 
(b 6X10 ~ kg. 
(a) (b) (e) 
5i Sample Mass of No. of Oxygen Mass of No. of Nitrogen Chemical 
No. Oxygen atoms / molecule Nitrogen atoms / molecule Formula 
(grams) (grams) 
(1) 1.6 1 2.8 2 N,O 
1 NO 
(2) 1.6 1 1.4 
(3) 4.8 3 2.8 2 N20% 
(4) 3.2 2 14 1 NO, 
(5) 4.8 3 1.4 1 NO, 


6. (a) 2NO+ O,— 2 NO. 


(b) 1/2 volume of oxygen. 
(c) One volume of NO. 
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7. (a) 18.0 gm. 13. 63 amu. 
(b) 16.0 gm. 23 3 
(c) 35.5 gm. 14. 3x10 ^" em", 
23.0 gm. 1 
e 1.0 gm. 15. (a) 25 cat 
8. (a) Carbon 1/4. (b) 10° em 
Hydrogen 2/4. 16. (a) 18 gm. 
Oxygen 1/4. 1 
(b) C9H,0,. (b) cm "ind : 
(c) 3.0 X 10 em . 


; 1, and Cu, CL. à 
TUM MCI (d 3. 1 * 10˙8 em. 


10. (a) 284 amu. pe 17. See discussion on page 8-16. 
4. 71 X10 ^" gm. 
n 2 18. (a) 2.5 & 1013. 
11. 6.0X10"" molecules/mole. (b) 4x 108. 
12. (a) No. y 16 
(b) 238.1025 amu. 19. 3 X10 atoms. 
(c) No. 


COMMENTS AND SOLUTIONS 


PROBLEM 1 In sodium hydroxide, the combining masses are 
23 grams of sodium to 16 grams of oxygen and 1 
gram of hydrogen. In water, as you know, there 
are 8 grams of oxygen to 1 gram of hydrogen. 

(a) If water were HO, as Dalton believed, could 
sodium hydroxide be NaOH? 

(b) What possible pairs of chemical formulas 
for water and sodium hydroxide are suggested by 
these combining masses? 


a) If water were HO, with a ratio 8:1, then sodium hydroxide, or any substance 
Showing an oxygen to hydrogen ratio of 16:1 would have to contain twice as much oxygen 
per unit of hydrogen as water-e. 8., HO,, H,O 4? etc. Thus, if water were HO, sodium 


hydroxide would be NaO,H. 


b) Possible pairs of formulas: water sodium hydroxide 
HO Nao H 
HO, NaO 4H 
, H,0 NaOH 
H,O Na,0,H, 
H0, NaOH 
H504 Na,0,H 


Note that HO and H0, (or any simple multiples of a given proportion) could result 


in the same formula for sodium hydroxide. The 


above list is onl fragmentary—obvious] 
an infinite number of combinations are possible, : 1 
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PROBLEM 2 ' Dalton determined the ratios of the masses of 
carbon and oxygen in carbon monoxide to be as 
3/4, of hydrogen-and oxygen in water as 1/8, and 
of carbon and hydrogen in the compound methane 
as 3/1. Without firm knowledge to the contrary, he 
assumed water molecules to contain only one 
hydrogen atom for each atom of oxygen and he 
asserted correctly the 1/1 ratio of carbon and 
oxygen atoms in carbon monoxide. What is the 
ratio of numbers of carbon to hydrogen atoms in 
methane as determined by these ideas? 


If, following Dalton, water were HO, and carbon monoxide CO, methane would be 


f SEES! 
= —X—-. 
CH», since 274 X1 X3 
PROBLEM 3 Copper and chlorine. combine in different pro- 


portions to form two compounds, No. 1 and No. 
2, with relative masses of copper to chlorine 0.895 
to 1 and 1.79 to 1 respectively, 

(a) How does this example illustrate the law of 
multiple proportions? E 
(b) Which of the following pairs of formulas 
may be correct on the basis of the information 

given? 


Compound 1 Compound 2 
Cu,Cl, and Cu,Cl, 
Cu,Cl, and Cu,Cl, 
Cu,Cl, and Cu,Cl, 
Cu,Cl; and Cu, Cl; 
a) The masses of copper which combine with a unit quantity of chlorine in the two 
compounds have the simple integer ratio 2/1, I. e., 1. 79/0. 895 = 2/1. 


b) The second pair (Cucl and CuCl.) is not possible. All others contain twice as 
much copper to chlorine in compound 2 as in compound 1 and are possible. 


PROBLEM 4 In an experiment with polonium, over à two-year 
period a total of 9 & 10" disintegrations occur, 


as measured by counting the flashes. p 
(a) What was the original mass of polonium? 
(b) What mass of helium will be formed? 


-1 hn 
a) Section 3 states that when the activity of 10 kg of polonium e for 
two years, 3 X 1017 particles are observed to be ejected. For 9 * 10 disintegrations 
i 7 
to occur in two years there must have been 3 X 10 * kg of polonium originally present. 
s 10°24 


17 
x ium particles are formed, each of mass gm. 
b) 9X10 helium partic 906285 jy 


-24 6 ol -9 
Mass of helium - 9 X 1017 particles X 6. 6 X 10 gm / particle = 6X10 gm - 6 X10 - -kg. 


temperature and pressure. are decom- 
posed and yield different UNE oxygen as 
shown in the following table 

Mass of oxygen Mass of oxygen 

(grams) ) 

(1) 16 (4) 3.2 
Q 16 (5 48 
[t] 4.8 


(a) Give the most probable number of oxygen 
atoms in the molecule of cach substance listed 
above. 

To try to determine the complete formulas, you 
now measure the masses of nitrogen that result 
when equivalent samples are decomposed. 


Mass of nitrogen Mass of nitrogen 
(grams) (grams) 
(1) 28 (4) 14 
(2) 14 (5 14 
(3) 28 


(b) What is the most likely number of nitrogen 
atoms in each molecule? 

(c) Give the complete formula for each sub- 
stance, 


Since there were equal volumes of the various gases at the same temperature and 
pressure, each volume of gas has the same number of molecules. The number of atoms 
of oxygen per molecule for these gasés is proportional to the masses of oxygen obtained 
by decomposition. The same is true for nitrogen. 


(a) (b) (c) 
Mass of oxygen Probable no. of Mass of nitrogen Probable no. of Chemical 
= (grams) oxygen atoms (grams) nitrogen atoms formula 
per molecule per molecule 
(1) .6 2.8 2 N,O 
(2) 1.6 1 1.4 1 NO 
(3) 4.8 3 2.8 2 N,0, 
(4) 3.2 2 1.4 1 NO, 
(5) 4.8 3 1.4 1 NO, 
PROBLEM 6 “Nitric oxide (NO) will combine with oxygen from 


the air to form nitrogen dioxide (NO)). 
(a) Write the equatien for this reaction, 


(b) If one volume of NO is consumed, what 
volume of O, is consumed? 


(c) What volume of, NO, is obtained at the 
same pressure and temperature? 


Students who have not studied chemistry may need help with this problem. 
a) 2 NO + O, — 2NO,. 


b) Ifone volume of NO is consumed, 1/2 volume of O. is consumed, since the 
volumes have the same ratios as the number of molecule$ in the formula. 


c) If one volume of NO is consumed, one volume of NO, is cbtained at the same 
temperature and pressure. 


PROBLEM 7 Fort of sodium 
E y grams hydroxide (N2OH) react 


(b) Whenever we decompose water we find thas 


that was contained in our original 
(c) We decompose acid and 
find that the masses of and chlorinc arc 


4 in the ratio of 2 to 71. How much chlorine was 
there in the hydrogen chloride that we used 8 
make salt? 

(d) How many grams of sodium were there in 
the sodium hydroxide we started with? 

(c) How much hydrogen was contained in the 
sodium hydroxide? 


a) Since initial mass = final mass, 

40 gm (NaOH) + 36.5 gm (HCl) = X gm (H,0) + 58.5 gm (NaCl), X= 18.0 gm. 

b) The initial material must have contained the same amount of oxygen as 18.0 gm of 
H,O (all of the oxygen is contained in the HO after the reaction is complete). Since 
the ratio of the mass of oxygen to that of hydrogen in water is 8:1, we must have 

8 | 
51 18.0 em 16.0 gm oxygen. 

c) Since the ratio of H to Cl in HCl is 2:71, the initial mass of Cl must be 
c. 36.5 gm = 35.5 gm Cl. 

d) Mass Na = mass NaCl - mass Cl = 58.5 gm - 35.5 gm = 23.0 gm Na. 

e) Mass H in NaOH = mass NaOH - mass Na - mass O 

= 40.0 gm - 23.0 gm - 16.0 gm = 1.0 gm H. 


PROBLEM 8 A student carefully analyzes an organic acid and 
finds the following combining weights of the 
constituent elements: Carbon 6, Hydrogen 5 
Oxygen 8. E 
(a) Knowing the atomic masses of these 
elements, indicate the relative numbers of atoms 
of each that occur in a molecule of the compound, 
(b) Organic acids usually contain the carboxyl 
group COOH. Assuming that there is one such 


group per molecule, what is the formula of a mole- 
cule of this acid? 

3) atom atomic mass rel. no. of atoms 
carbon 12 1/4 
hydrogen 1 . 2/4 
oxygen 16 1/4 
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b) Since the COOH group contains 2 O atoms, the acid must contain 2 C atoms and 
4 H atoms; thus the formula would be CH,COOH, or CHO 


PROBLEM 9 The relative atomic masses of copper and chlorine 
are 63.6 amu and 35.5 amu. Which of the pairs 
of formulas in problem 3 (b) are correct in the 
light of this information? 


The ratio of 0. 895 to 1 (relative mass of copper to chlorine) is the same as 
63. 6 to (2 X 35. 5) and the ratio of 1.79 to 1 is the same as 63. 6 to 35.5. Therefore the 
third pair of formulas (Cu, Cl, and Cu, Cl) is possible but the other pairs are not 


* 


possible. 

PROBLEM 10 (a) Find the approximate mass in atomic mass 
units of a molecule of stearic acid (Ci, Hs, 
COOH). 


(b) Using Avogadro’s number find the mass of 
the molecule in grams, 


a) The molecular weight = (18 X 12) + (36 X 1) + (16 X 2) = 284 amu. 


b) The mass of a molecule = 284 amu + 6.025 X 1078 amu/gm 


Lp 10722 gm. 


PROBLEM 11 The results of a monolayer experiment show that 
there are 2.1 X 10* particles per gram of stearic 
acid (molecular mass 284 amu). Calculate the 
value of Avogadro’s number from this data. 


This problem is a good follow-up for the laboratory experiment with monolayers. 
If there are 2.1 X 10?! particles of molecular weight 284 amu per gm, then in 1 mole 
(284 gm), there would be X 


284 gm/mole X 2.1 X 10?! molecules/gm - 6.0 X 1023 molecule/mole. 


' PROBLEM 12 Uranium undergoes radioactive disintegration 
forming an entirely different element which may 
be separated from the parent element by chemical 
means. This new element, thorium, has different » 
chemical properties, and would exhibit a much 
lower density if sufficiently large amounts of it 
could be obtained, Its atomic mass is less by 
approximately 4 amu, the amount contributed 
to the other product of each disintegration — 
one helium atom. 

Within a short time, and at a very predictable 
rate, this thorium undergoes two more disin- 1 
tegration reactions. No perceptible mass change i 
accompanies these reactions, but the eventual 
product is a material having chemical properties 
which are indistinguishable from our first material, 
uranium. This newest element likewise exhibits 
the general physical properties of uranium, but 
we know it has lost 4 units of mass and has not, 
in either of the last two reactions, been able to 
recover any mass, 


8-15 


(a) In the light of this evidence, can uranium 
in nature consist of a single isotope? 

(b) What is the mass, in amu, of natural 
uranium which consists of 0.72 per cent of U 
whose mass is 235.1156 amu, and 99.28 per cent 
of U?* whose mass is 238.1242 amu? 

(c) Can these be the two isotopes involved in 
the radioactive process described above? 


This problem emphasizes the meaning of isotopes. If you assign this problem use 
only the given information. This is not the time to get into a discussion of radioactive 
series. 


a) Natural uranium müst consist of at least two isotopes, the original atom and the 
new atom described which is 4 mass units smaller. 


b) Mass U= 0.0072 X 235. 1156 + 0.9928 X 238. 1242 = 238.1025 amu. 


c) No. woe is lighter than 19 by 3 amu, while the isotope described is lighter by 


4 amu and hence must be 


PROBLEM 13 The atomic mass of copper is 63.54, and it is 
known to consist of a mixture of two stable iso- 
topes. If the one of these which constitutes 
approximately 30 per cent of copper has a mass 
of approximately 65 amu, what is the atomic mass 
of the other isotope to the nearest whole number 


of amu? 
Since 0.30 X 65+ 0.70 X= 63. 54, X%63. The other isotope must be uss, i.e., 
its atomic mass is 63 amu. 


PROBLEM 14 The density of lead is 11.34 gm/cm? and the mass 
of a lead atom is about 207 amu. Calculate the 


effective volume of each atom in this solid state. 


; - 3 7 
Since 207 gm of lead contain 6.025 x 102? atoms, 1 cm" (11.34 gm) must contain 


(394) * 6.025 X 1023 3.3 * 1022 atoms. Therefore, the volume per atom is 


1 om®/3.3 X 1022 & 3 x 10 79 em”. 
PROBLEM 1 hen an oil film on water forms colored patterns, 
Ta W A it must be at least 3 to 5 X 10-* cm thick. 


The patterns of color are indicative of varying 


i es. 
7100 an average thickness throughout 
of 10-3 cm, what area will 1 cm? of oil on the ; 
bled waters cover? 
ab) Oleic acid molecules are of the order of 
magnitude of 10-7 cm in length, What area of 
water could be covered by 1 cm? of this material 


if it spreads to a monolayer? 


: -3 
a) Since volume = area X thickness, 1 em? of oil of thickness 10 ` cm will cover 


an area of 10? du 


3 
b) Similarly, a monolayer of oleic acid of volume 1 cm would cover an area of 


19 om^. 
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PROBLEM 16 (a) What is the mass in grams of a mole of water? 
(b) What is the volume of this mass of water? 
(c) Find the volume occupied by one water 
molecule. 
(d) The atom of oxygen in this molecule 
occupies about half of the volume. What is the 
approximate diameter of an oxygen atom? 


a) The chemical formula of water is H,O and thus its total atomic mass from Table 3, 
page 133, is 18. The mass in grams of a mole of water is numerically equal to the mass 
in amu or 18 gm. (2X1 gm) * (1X16 gm) = 18 gm. 

b) If the density of water is assumed to be one gram per ems, the volume of a mole 
of water is 18 om”. 


2 
c) Since 6.025 X 107? molecules occupy 18 ems. the 


volume of a water molecule = 18 cu / 8: 025 X 3079. molecules = 3.0 X "RN om: 


d) The oxygen atom would occupy 1. 5 X 107? cm”. volume of a sphere =$ TR? 


3 
and R= 2 D. Hence, V 2 and p? -SV.. 
6 T 
p 81 88(19—— a 
T 


SUD GAT ont 
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PROBLEM 17 Pentane, which has the formula C,H,,, consists 
: of a chain of carbon atoms, with hydrogen atoms 
arranged in a manner similar to those of butane 
in Fig. 8-4. In this molecule each carbon is 
bonded with four atoms and each hydrogen with 
one atom. 

(a) Show that there can be three compounds 
with the molecular formula C,H,, in which these 
bonding relations exist. (The carbon atoms need 
not be extended in this chain order) Diagram 
the three compounds. Do you think more than 
three compounds can exist? 

(b) Do you expect these compounds to have 
the same properties? 


a) This is a difficult exercise in topology as well as in organic chemistry if the 
student really tries to prove that there can be no more than three possible compounds 


of formula C-H However, with a little imagination (and with the help of the text), 


the student should be able to demonstrate that he can draw at least three, as follows: 


" i H 
| 

Hoe H—C—H H-C-H 
HUE n-c-n a | 

H—C—H H " B—6-6—6—H 

| 1 ra EET H H 

H—C—H 1 H-C-H 
H H 
(1) (2) (3) 


b) These compounds should not be expected to have the same properties. 


PROBLEM 18 Red corpuscles of the human blood stream are 
known to be flattened discs approximately 
7 x 10-5 m in diameter and 10-* m thick. Blood 
count shows on thé order of 5 x 10° of these in 
each cubic millimeter of blood. 

(a) If the adult body contains 5 liters of blood, 
what is the total number of red corpuscles it 
contains? 

(b) The mass of a hemoglobin molecule is be- 
lieved to be 6.8 X 10* amu. How many such 
molecules would there be in a red corpuscle if 
hemoglobin has a density of one gm/cm?, and if 
we assume a red corpuscle is made entirely of 
hemoglobin? 

mm, and 10? em /liter "i0" fü" 
per liter, there are about 5 X 109 corpuscles/ mm? X 5 liter X 10° ee = 2.5x310? 


corpuscles in the adult body. 


a) Since there are 5 x 10° red corpuscles per 


b) Since the density is one gm/ ome the molecular volume of hemoglobin is about 
- 225. 3 

6.8 x 104 m/ (6. 025 x 1079) = 1.1 X 10 19 om? = 1.1X 10 nm. 
b E 17 3 

' of the red cell is about 4 a (7 * 10 0 mj x10 s m 4 * 10 i m`. Thus, the red cell 


The volume 


m - 8 
would contain about 4 100 102000 ae 25 3 /molecule & 4 X 10? hemoglobin 


molecules. 


uman nerve cell may extend 100 cm from 
the spinal column to the foot, and be as much as 
10-^ cm in average diameter. If we assume that 
onstituent atoms of this structure 


occupies à volume of 3 x 107? ems, what total 


i a number of atoms is required to build it? 
This problem provides an interesting side light on the variability in physical dimen- 
sion of a single cell. The volume of this long nerve cellis about 


- 3 
em) t 8 * 10 T om 


PROBLEM 19 A single hi 


each of the © 


-4 
100 em X 4 (10 


Thus, the total number of atoms required to build it is about 
- - 16 
8x10 cm /3 X 10 23 om? x 3X10 
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Chapter 9 - The Nature of a Gas 


Chapter 9 is chiefly concerned with introducing the idea of a physical model as a 
means for analyzing and extrapolating observations on relatively complicated systems. 
The discussion centers about the molecular model of a gas and shows how this picture 
enables us to understand many of the important properties of gases. The treatment here 
is only semi-quantitative, since a full-fledged analysis must follow the study of dynamics. 
(This material is treated quantitatively in Chapter 26.) 


In covering Chapter 9, the instructor should be careful to handle the material at the 
level presented, and not attempt rigorous dynamical justification of the results. Exact 
definitions of words like pressure should be avoided, since students do not yet have a 
precise definition of a force. (The text deliberately uses words like “push” instead of 
force here.) A quantitative discussion of the kinetic theory (as presented in Chapter 26) 
requires familiarity with the concept of forces and of the laws of conservation of momen- 
tum and energy. In the present chapter, it is important only that students develop some 
feeling for the gas law as a useful description of the properties of gases, and of the way 
a Scientist uses a model, not as just a simplified picture of some rather complicated 
physical phenomenon, but rather as a tool for extending knowledge and giving direction to 
experiment. 


CHAPTER SUMMARY à 
Chapter 9 divides naturally into the following three parts: 


Sections 1 and 2 Here the text introduces the concept of a physical model, as con- 
trasted to the familiar usage of the word model“ Physical models are seen not as 
something constructed of balsa wood and cement, but rather of ideas and assumptions 
which permit us to analyze complicated situations. A model must be tested by experi- 
ment, and care must be exercised in extrapolating from the model into a range where it 
is untested. We take as a model for a gas an assembly of widely-spaced molecules in 
constant motion, colliding with one another and with the walls of the container. This 
model appears to be consistent with many of the obvious properties of gases, their low 
density, high mobility, etc. 

Sections 3 through 5 The molecular model is now examined in more detail. We 
note that the model predicts that the pressure of a gas should be proportional to the num- 
ber of molecules per unit volume (Boyle's law). This relation can be verified by exper- 
iment, if the pressure is not too large; under large pressure, significant deviations are 
found. When the experiment is repeated at different temperatures, it appears that the 
pressure also depends on the temperature. This relation may be used to construct a 


mperature measurement, and defines an absolute temperature 
pem del, temperature is seen to be identifiable with the mass 


Scale. From the molecular mo F i 
and speed of the molecules (actually mv , although this fact is not proved at this point.) 
1 densities 
Sections 6 and 7 The molecular model predicts that at sufficiently low i 
the TA motion of individual molecules should be observable. This is found in obser- 
vations of Brownian motion, which gets a natural limitation on the precision of any physi- 
cal measurement. In closing, we note that large masses of gas (e.g., the earth’s at- 


mosphere, stellar clouds) may be confined without walls, by gravitational attraction. 


SCHEDULING CHAPTER and much of the material can be conveyed 


i irly easy reading, 
This cham pude i ciam of time to class discussion. Class periods are 


i a smal 
wur 2 discussion of some of the quantitative problems R 
the HDL material appropriate to Sections 3 through 5. A thorough ME of a i e 
material of Chapter 9 would take far too much time. The major 19 4 ip 15 e m 
handled quantitatively by high school students will be re-examined in de apter 26. 


` 


10-week schedule 
for Part I 


RELATED MATERIALS FOR CHAPTER 9 


Laboratory. Experiment I-9 - Natural Temperature Scale. In this experiment, students 
calibrate a simple gas thermometer at several temperatures. See the yellow pages on 
Experiment I-9 for suggestions. 


Home, Desk and Lab. The following table classifies problems according to their esti- 
mated level of difficulty and the sections to which they relate. Those which are especially 
suited to class discussion are indicated. Problems which are particularly recommended 
are marked with an asterisk (*). Answers to problems are given in the green pages: 
short answers on page 9 - 9; detailed comments and solutions on page 9-10 to 9-21. 


| Medium | Hard | Class Discussion Home Project 


25 
3, 4, 5 
Haw ident qx MEME e | 
7, 8, 9 * 
Ho. Ton omues cM. | 


Film. Behavior of Gases", by Dr. A. V. Baez of Physical Science Study Committee. 
Brownian motion of smoke particles is shown with the aid of a microscope. The motion 
is compared with that of a mechanical model consisting of steel balls in rapid motion. A 
Boyle’ s law experiment is performed, and explained by means of the molecular model 
with the aid of animation. Running Time: 15 minutes. 


Demonstrations. Go easy with demonstrations for this chapter. This is not the occasion 
for a full-fledged treatment of heat or of gases. Most of the properties of gases discussed 
are familiar enough without demonstrations. A demonstration of Boyle' s law would be 
appropriate if time permits. 


Section 1 - Physical Models 
Section 2 - The Molecular Model of a Gas 


PURPOSE To explain the role of a model in scientific investigation, and to introduce the 
familiar molecular model of a gas. 


EMPHASIS These sections should be handled entirely as a reading assignment. Exten- 
sive class discussion of what is and what is not a model“ is apt to be overly philosophical 


E aar D T 
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and fruitless. This material is not intended to be profound, and many students will have 
partial (though sometimes inaccurate) familiarity with some of it. 


COMMENT ae good vacuum’’ described on page 153, with molecules spaced 

about 5X 10 m apart, corresponds to a pressure of about 10°? 
-6 

10 ^mm Hg). This pressure is about 1000 times smaller than that which can be ob- 

tained with a mechanical vacuum pump, and can be achieved only with,the addition of 

an auxiliary pump. With new vacuum techniques (usually designated ‘‘ultra-high vacuum") 


atmospheres (about 


it is now possible to achieve pressures as low as 10 ~~ atmospheres in small volumes. 


The text notes briefly (page 153) that one of the basic assumptions of the molecular 
model is that molecules ‘‘do not push or pull on one another across long distances“ 
This statement is not precise, but is about the best we can do at this point without getting 
in deep. Molecules do, of course, interact with one another. Otherwise, we would be 
quite unable to explain the existence of matter in the liquid or solid phases. The inter- 
action forces are not exactly zero at average 
intermolecular distances. A rough graph of 
the force field presented by one atom to another 
appears as shown at the right. 


repulsive 
When molecules are as near each other as 
an atomic diameter (of the order of 10° cm) F 
or less, the repulsive and attractive forces 
are appreciable. At large separations, how- attractive ee 


ever, there is very little force between the 
molecules. In a gas the molecules move 
mostly in the region of little force and can 
be thought of as moving freely. 

The situation is roughly analogous to à few sticky ping-pong balls being blown about by 
a blast of air. (The air blast supplies the kinetic energy which, in the atomic case, re- 
sults from thermal agitation.) If the air stream is strong enough (the temperature high 
enough), the balls (atoms) will move about wildly, bouncing off each other and the walls 
of their container. The stickiness (attractive force) will have no noticeable effect. How- 
ever, if the air stream is weak (temperature low), the balls (atoms) will tend to stick 
together when they meet and eventually coalesce into a ''solid"'. 

f motion is fundamental to the model of a gas. A collection of 

wide e eed OMM could not exert a pressure on the walls of the container, 
and, because of their mass, the molecules would eventually simply fall to the bottom of 


the vessel. ; 

eed of motion of widely spaced molecules is ca: bit aster ` 
N VVA 153). If questions arise about this point, it is sufficient to 
explain that sound is propagated by collisions between molecules (don't 3 sees 
here), and that it takes a small but finite time for collisions to be bague 8 1 er- 
more, molecules do not move uniformly in the direction of propagation of the 91 5 a 
They move in all directions, 89 the speed of propagation of a sound pulse would be ex- 
pected to be somewhat less than the mean molecular speed. 


Section 3 - Boyle’ s Law 
Section 4 - Temperature and Gas Thermometers 


Section 5 - Temperature and the Gas Model 


molecular model, in a semi-quantitative manner, to the 


PURPOSE To extend the essure-volume relationships of gases, and 


“detailed prediction and verification of the pr 
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to show that the temperature of a gas is a measure of the molecular speed. 


CONTENT a. The pressure required to confine a gas is a measure of the average per- 
pendicular push per unit area exerted by molecules striking the wall of the vessel. Pressure 
differences can be measured by determining the difference in height of a liquid on two sides 
of a U-tube. 


b. The pressure is directly proportional to the number of molecules per unit volume. 
The proportionality constant is the same for any gas. Experimentally, at the melting 
point of ice, P (cms of mercury) = 2.81 X 10 J, for N molecules contained in a volume 
Vv ni. 


€. The proportionality constant depends on the temperature at which the measurement 


is made. At the boiling point of water it is 3. 84 X Tried In general we can write 


P-0 N/V, where 0 is a function of the temperature. This relation (Boyle's law) holds 
over a fairly wide range of pressures and temperatures, but fails at high pressures and 
low temperatures when the molecules get too close together. 


d. We can use the temperature dependence of the pressure of a constant volume of 
gas to construct a temperature scale. ^ 


e. The molecular model permits identification of the temperature with the speed of 
motion of the molecules of a gas. The temperature also depends on the molecular mass. 


The temperature is found (by a more detailed study) to be proportional to the quantity mv". 


f. The temperature scale defined by a gas thermometer is the absolute“ temperature 
scale. The zero of this scale seems to correspond to zero molecular speed. (Now thought 
to be the point at which the molecules reach a least amount of speed. ) 


EMPHASIS These are important ideas, but cannot be developed quantitatively at this point. 
All of this material will be treated in detail in Chapter 26. Defer any dynamical treatment 
until then. Do not try to introduce the concepts of force, momentum, or kinetic energy at 
this point. Concentrate your class time here on the solution of problems, so students will 
know what kinds of problems may be treated by the gas law, even if they must accept it 
pretty much as an empirical relationship for the moment.. Do not concentrate on the defi- 
nitions of different temperature scales or means for converting between various scales. 


COMMENTS Questions may arise about the details of the ‘‘Boyle’s law” experiment 
discussed in Section 3. The apparatus shown in Figures 9-5 and 9-6 is highly schematic. 
We require some provision for placing the known volume of gas (V o) in an ice bath or in 


boiling water, arid this is hardly provided by the simple setup shown. There are a number 
of small points which students may bring up, but which otherwise probably should not be 
mentioned: 


1. We assume that the volume VS is known by prior calibration. 
2. We assume that the volume Mo does not change when we add gas to the vessel— 


this is equivalent to assuming that the volume of the mercury displaced is negligible com- 
pared to Vo-. : 


3. We assume that NS is unchanged by a change in temperature of the vessel — thus 
we ignore thermal expansion of the glass or other material enclosing V . 
0 


4. We assume that the pressure calibration does not depend explicitly on temperature 
hence we are assuming that the mercury does not change temperature, or, if it does, that 
we can ignore the change in its density due to thermal expansion. 


With these assumptions, the experiment proves empirically that the pressure depends 
only on the number of molecules per unit volume, at constant temperature. From the r 
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form of the equation (P = @ N/V), we see that this is equivalent to the statement that if 
the number of molecules, N, is kept constant, the product PV will also be a constant at 
constant temperature. Thus, as a practical matter, when we use our device as a gas 
thermometer, it makes no difference whether we arrange to measure the change in pres- 
sure at constant volume or the change in volume at constant pressure. As long as N is 
fixed and known, the temperature is determinable from either measurement. 


* * * 


Some instructors may be disturbed by the slightly strange units used in developing 
the gas law. Note that this relationship is introduced into this chapter as a purely em- 
pirical law, and that pressure differences are defined in centimeters of mercury in a 


natural way. For now, we cannot define ‘‘proper’’ units for pressure (dynes/ em? or 


newtons/ m^) or for the ‘‘gas constant” (joules or calories per degree Kelvin per mole). 
The present definitions suffice for the purposes at hand. 


x * * 


The plausibility arguments given here in “deriving” Boyle's law from the molecular 
model are not intended to be rigorous. Students may realize that one of the implicit as- 
sumptions involved is that the average speed of the molecules is not changed when addi- 
tional gas is forced into a closed vessel. (As we see, this is tantamount to assuming 
that the temperature is unchanged.) There are other assumptions which are concerned 
with the way in which we calculate the average push on the wall and relate it to the average 
speed of the molecules and the number of collisions per second in such a way that the 
pressure, at constant speed, turns out to be incependent of the mass and speed. This 
matter is dealt with in Chapter 26. Thoughtful students may wonder about the fact that 
the molecular mass and speed do not enter explicitly in the pressure, but only in the 
temperature. This fact is not intuitively obvious, but cannot be verified until later. 


E * * 


e temperature in terms of the motion of gas mole- 
at state where molecular motion ceases. This 


ses at low temperatures. (At this point, this idea will 

without more explanation than is in the text.) The ab- 

erature at which all systems are in their F 
i ed not correspond to a state of zero motion. In A 

state of aieea a ur lecules would still be in motion (with the 5 

i i rth Pole, whic 
‘zero-point’ energy). The absolute zero is not something like the No Fs 
we can AH at Bb but rather something which we can only approach asymptotically 


as a limit in any physical measurement. 
ini i f a gas thermometer. 
Here we are defining the absolute temperature scale in terms 0 

Students may wonder eni we choose this yardstick. We can, of course, define p aa 
ture scale in terms of any temperature-dependent property of any i m. m 
stance, we might define a scale in terms of the change of length of an iron bar w p- 
erature. We could write T = kL. Then any measured value of L would define a corres- 
ponding temperature. However, we now have a different temperature defined, for in- 
stance, by two bars of different lengths. We could rectify this by rewriting our equation 

k 

sr. L 

o 

where L. is the length of the bar in some standard environment (ice bath). We now have 
0 


defined a temperature which would be the same when measured by any iron bar, but 


9-6 


suppose we used a brass bar instead of iron? Measured temperatures would not be the 

same. A different value of k would have to be used for brass, and no values of the two 

constants k; and ks E would give exact agreement all along the scale. Further- 
iron ras 


more, if we attempt to reach the absolute zero’’ of this temperature scale, corresponding 
to L= 0, we cannot come close to approaching it. It has no real physical significance. 


The temperature scale which is defined by the behavior of a gas has much more gen- 
erality and significance. In the first place, all gases behave in the same way when their 
densities are sufficiently low. That is, the same proportionality constant gives the same 
temperature determinations regardless of which gas we use. Secondly, the absolute zero 
of the gas thermometer scale has empirical significance in that this temperature is the 
limit which even the most ingenious refrigeration systems are just not quite able to reach. 
Thus while we may use the length of solid or liquid columns (e.g., in thermometers) as 
Secondary standards to measure temperature over limited ranges, we are much better off 
to use gas thermometers as our primary standards to define the whole temperature scale. 


* XE * 


Some students may wish to know how low-temperature refrigerators work. This is 
not the occasion to go into a discourse on the first and second laws of therméddynamics. 
However, the following sort of simple explanation may be offered if questions arise. Most 
people are familiar with the fact that a gas heats if it is compressed and cools if it is 
allowed to expand. In a refrigerator the gas is first compressed, thereby raising its 
temperature. The heated gas then flows through a heat exchanger’’ where its temper- 
ature is reduced back to that of the surroundings. The gas is then allowed to expand, 
thereby lowering its temperature below that of the surroundings. In this way a large 
volume of cold “working gas” can be accumulated. A small portion of the cold gas can 
then be compressed again and allowed to cool before expansion to the temperature of the 
rest of the cold gas. In this way another smaller reservior of still colder gas can be 
built'up. By successive steps of this kind, any gas can eventually be brought to a suf- 
ficiently low temperature that it will become liquid. Air will liquify at about 70°K. 
Helium, which liquifies at about 4°K has the lowest liquefaction temperature of any sub- 
stance known. The temperature of the liquid helium can be further reduced by ‘‘boiling’’ 
the helium under reduced pressure, and by various other means. In this way, temper- 
atures as low as 0.001°K can be reached rather routinely. By very special techniques, 
temperatures as much as a factor of 100 or 1000 times smaller sometimes have been 
achieved. However, no matter how close scientists may eventually approach the absolute 
zero, it is a certainty that this temperature will never be reached. 


Section 6 - Brownian Motion and Noise 
Section 7 - Gases without Walls 


PURPOSE To point out that molecular motion can be observed (and that gas molecules 
[like other matter] are subject to the pull of gravity). 


CONTENT a. Observation of the erratic motion of small particles (Brownian motion) 
is evidence of molecular motion. 


b. Brownian motion sets a natural upper limit on the sensitivity of any physical mea- 
surement. : 


c. A gas ean be contained'ꝰ without walls, due to gravitational attraction. 


EMPHASIS This material can quickly become excessively complicated if an attempt is 
made to extend the level of discussion beyond that presented in the text. It is best handled 


principally as a reading assignment. Further references to limitations on measurement 
are made in the next chapter. 


may be interested 
small particles will 
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Chapter 9 - The Nature of a Gas 
For Home, Desk and Lab — Answers to Problems 


The following table classifies problems according to their estimated level of difficulty 
and the sections to which they relate. Those which are especially suited to class discus- 
sion and those which are home projects are indicated. Problems which are particularly 
recommended are marked with an asterisk (*). 


Answers to all problems which call for a numerical or Short answer are given following 
the table. Detailed solutions are given on pages 9-10 to 9-21. 


SHORT ANSWERS 


21 3 
1. See detailed discussion on page 9-10. 15. (a) 3.97 X iod molecule/m'. 
2. See detailed discussion on page 9-10. 3. 57 X10 molecules. 
f 53 X 19 ?5 cm of mercury © 
3. See detailed discussion on page 9-10. (b) 7. 3 
(molecules /m) 
4. See detailed discussion on page 9-11. 73° Kelvin. 
5. See detailed discussion on page 9-11. 16. Less. 
6. 1. 24 X 10? gm/em?. eie "ord 
7. 3 times atmospheric density. 18: (a) 9. 10 x 1024 eee 
8. 0.83 times sea level density. (b) 3.2 N 
9. (a) 76 em. j (c) 5.7X10 molecules. 
(b) 114 em. 19. (a) Hydrogen. 
(c) See discussion on page 9-12. (b) 4 to 1. 
2 2 
oS a 10 um 20. (a) Gas mv" in amu Pag 
3 Kr x 
11. (a) 2.73 m. He 3. 76 X 10 
(b) 11 atmospheres "A ib x10 
12. Rise. 3 6 
p 3 A 3. 80 X 10 
13. (a) 1. 86 & 10 gm/cm . (b) See detailed discussion on 
(b) 1.13 / page 9-18. 
14. (a) 1.92 21. See detailed discussion on page 9-19. 
e 22. See detailed discussion on page 9-20. 


(c) No change. 


e 
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COMMENTS AND SOLUTIONS 


PROBLEM 1 Consider the idea that all matter is made up of 
atoms. Does the idea that matter is constructed 
from 100 different types of atoms lead to a physical 
model? Why? 


It is not intended that there be a single well-defined answer for this problem. The 
problem might well be used as the basis for a brief class discussion in which students 
have a chance to theorize from what they have learned. 


In our search for simplicity, we have found that all matter is constituted of only 100 
basically different kinds of particles, called atoms. There are certainly many more than 
this number of basically different substances in the world. Thus we must consider a 
model in which atoms can combine in various different groupings, compounds, in order 
to form each of these myriad forms of matter. The smallest particle in which one of 
these groupings is completely represented could be called a molecule. 


PROBLEM 2 (a) Outline the atomic model of solids that was 
discussed briefly in the last chapter. 

(b) How is the volume of a solid related to the 
yolumes of the individual atoms? For instance, 
is the volume of a solid about the same as the 
total volume of the individual atoms? Much 
greater? Much less? 

(c) On an atomic model how would you expect 
the compressibilities of solids and gases to differ? 


8) The important features of the atomic model of solids are: Atoms are bonded to- 
gether to form molecules. The mass of the molecule is equal to the sum of the masses 


of the atoms making up the molecule. Ina gram mole of substance there are 6.025 X 1078 
molecules. In chemical reactions there is an interchange of the atoms of one molecule 
with those of another molecule. The atomic structure of molecules ranges from the 
simple to the complex. In some substances, such as table salt, the atoms are grouped 

in such a way that it is hard to define individual molecules. The atomic structure of 
crystals is reflected in a geometrical pattern of atoms that is always the same for the 
same substance. Some solids have no particular structure (amorphous Solids). 


b) The volume of a solid is close to the sum of the volumes of the individual atoms 
that make up the solid. (In the solution of some of the problems in Chapter 8, the volume 


of a atom was computed by dividing the total volume by the number of atoms in that 
volume.) i 


c) Because atoms in solids are very close together with very little space between them, 


PROBLEM 3 In Section 9-2 we pointed out that motion is an 
essential feature of the molecular model of gases. 
Use the idea (discussed in Chapter 4) that gravi- 
tational effects become less important at small 
scale to explain that “molecules” of a gas may be 
in motion, although wooden molecules like those 
in Fig. 8-6 would just sit still on a table. 


I rience propor- 
pina much greater gravitational forces, and thus are Strongly attracted to the 1 5 5 
an 2. 
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While a good student will be able to grasp the general idea inthis question, some 
of the work in Part III will bring it home. 


PROBLEM 4 (a) What will happen when you turn a glass up- 
side down and shove it down into water? 
(b) Can you use this effect to reconstruct the 
reasoning that Hero of Alexandria used to show 
that air is a material substance? 


a) As an inverted glass is shoved down into water the water rises inside the glass, but 
is always below the level of the water outside the tumbler. 


b) If air were a void, or lacked material substance, then we would expect the water 
inside and outside the tumbler to be at the same jevel. This is not the case. The ob- 
served fact can be understood under the assumption that air consists of particles that 
are moving about and therefore offer resistance to the rising of the water inside the glass. 


PROBLEM 5 What evidence can you think of that shows the ‘I 
mobility, interpenetrability, and mixing of gases? 
As a start, answer the questions, How do most 
odors reach you?” and “What happens to the air 
when you move around?” 


The transmission of odors can be explained by assuming that the particles which con- 
vey the odor are moving about in rapid motion, that due to this motion they intermingle 
with the other air particles (interpenetrate), and diffuse rather uniformly (mixing of 
gases) throughout the room. The time it takes to do this is much longer than one might 
expect by straight line propagation. This is caused by the collision of the odor paxticles 
with the other air particles and thus a change in direction of their motion. 


As you move about,the air particles that hit you from the front rebound with a greater 


velocity and thus exert a greater pressure on you. You feel this especially when you 
move rapidly. Nevertheless, you can move around in air with relative ease, demonstrating 
the mobility of air molecules. It is much more difficult to move through water. This 


would indicate that air molecules have a greater mobility than water. 


PROBLEM 6 Two students set out to determine the density of 


found to have a mass of 26 gm. What is the 
density of air from this measurement? 


6 = 20 fi xincogmi ue 
: _ mass of air ...26gm-20gm .- TERG 
Density of air volume of air 4% x q X (21/2 om) 1/6 * 1 21 om 


-3 3 
1.24 K 10 EML 


PRO ire ig inflated to three times atmos heric 
TE 1 What is the density of the air ja the 


tite? 
erature of the air in the tire does not change when the 
SOME rers y paier is increased by a factor of 3, vales ps also 
be greater by a factor of 3. Since both pressure and density are 1 e LE 
number of molecules per unit volume, changing one by a 1 m e e 
the same factor. Notice that the actual volume of the tire oee 52 ai ; 
80,we do not much care whetherwhe tire is made of thin T er o jl. 
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PROBLEM 8 At sea level a mercury barometer reads a pressure 
of 76 cm of mercury, and at an elevation of 1500 
meters it reads 63 cm. What is the relative 
density of the air at this altitude compared to that 
at sea level? Assume that the temperature is the 
same at both levels. (Note: 1500 meters is 
about 4500 feet.) 


Since at constant temperature the pressure is directly proportional to the density, the 
pressure at 4,500 ft must be 63/76 = 0.83 times that at sea level. Students may be a bit 
disturbed about using a centimeter of mercury as a unit of pressure, but it is a perfectly 
acceptable, if arbitrary unit. In this case, since we are only concerned with a ratio of 
pressures, it would make no difference what our choice of units was, as long as it was 
the same at both places. (To drive this point home, you might ask - If we measured 
the pressure with a water barometer at sea level, and found that the pressure supported 
32 ft of water, what would the height of the water column be at 4,500 ft altitude?) 


PROBLEM 9 To the apparatus shown in Fig. 9-5 we attach a 
plastic bag of volume V, full of gas. We squeeze 
this gas into the gas space V, on the right side of 
the apparatus. The height of the mercury on the 
left rises about 76 cm. We close the valve on the 
right; then we attach another bag of gas of 
volume V, at atmospheric pressure. Finally we 
opén the valve and squeeze the gas out of this 
bag into the volume V}. 

(a) By what additional height does the column 
of mercury rise? 

(b) With the plastic bag still attached we open 
the valve. By what height does the column of 
mercury fall? 

(c) Why does the column fall farther than 76 
em? 


3) As discussed in Section 3, the second extra batch of molecules in NO will produce 
the same increment of pressure as the first. Thus the level will rise another 76 cm. 
b) In the volume MA in the apparatus there are now 3 times as many molecules as 


originally occupied this volume. (The number present initially plus those added in the 
two extra batches.) When the valve is opened and the gas permitted to enter the empty 
plastic bag, which has volume V when inflated, the molecules of gas will be equally 


Shared between the two equal volumes so that in the apparatus there will be 1 1/2 batches 
of molecules or 1/2 batch of extra molecules. The excess pressure will be 1/2 that 
exerted by one batch of molecules; thus the mercury column will now be 38 cm higher 
than it was initially, bringing it to h. + 38. Before opening the valve, it stood at 


ho +76 +.76:= h. * 152 em. Thus it must have dropped 152 - 38 = 114 cm. 
c) If air corresponding to a volume 9 at atmospheric pressure had escaped from 


the apparatus, the mercury level would have fallen 76 em (see part a). Instead, air 
corresponding to 1. 5 unt at atmospheric pressure (see part b) escaped. Thus the column 


dropped 1.5 X 76 = 114 cm. 
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PROBLEM 10 In a mercury barometer (Fig. 9-16), at sea level 

the normal pressure of the air (one atmosphere), 
acting on the mercury in the dish, supports a 
column of mercury in a closed tube. 

(a) What height A would you expect for the 
column of mercury in the barometer? 

(b) If you go up in the air until the density has 
fallen to half its sea-level value, what height A 
would you now expect? 


a) Standard air pressure at sea level is taken as 76 cm of mercury which is the 
height h in Figure 9-16. 


b) The density of a gas varies directly with the pressure exerted by the gas. At half 
the sea-level density there must be half sea-level pressure. The pressure would be 
38 cm of mercury. 


PROBLEM 11 Every column of water 10 m high exerts a pressure 
approximately equal to that of the atmosphere. 
A diving bell (a cylinder open at the bottom) with 
a diameter of 2 meters and a length of 3 meters 
is sunk in 100 meters of water. 

(a) Assuming that the temperature of the water 
is the same at all depths; how far in the diving 
bell will the water rise? 

(b) What must be the pressure of the com- 
pressed air pumped into the diving bell to keep it 
entirely free of water? 

(c) Have you ever made a Cartesian diver? 
(Your teacher is not to grade you on your answer 
to this question 9 


a) Assume that the initial pressure in the bell, before it is lowered, is 1 atmosphere. 
Then, at a depth of 100 meters in water, the pressure will have increased by : 
100 meters + 10 m/atmosphere = 10 atmospheres- The total final pressure will then 
be 1+ 10 = 11 atmospheres (we must add the pressure of the air on top of the water, which 
is 1 atmosphere). Then since the initia] and final values of PV must be the same (Boyle' s 
law), the final volume must be 1/11th of the initial volume. The column of air in a 
diving bell will change in length only, not in diameter, as the water enters, 80 ber e 
final length of the air column must be 3 m/11 = 0.27 m. Thus the water must rise 


3.00 m - 0.27 m = 2.73 m into the bell. 
supply a pressure of at least 11 © 


b) To keep the bell free of water, we should have to 
amope eae, compressed air (equal to the pressure of the water and the air above the 
water.) 


e ss time, students may be told how to make a Cartesian diver 
on nece e way to do this is to have a working one esi e obser- 
vation and experimentation.) As shown in the sketches, invert a small 4 ose T is 
small cylindrical vial of the sort pharmacists use for pills will work we ]) in a bo m 
of water which has a flexible seal and a loose-fitting cork as a piston. Put enough wal 


i is applied to the stopper. When 

into the tube so that it just floats when no pressure 18 app p 

pressure is applied, fe tube will sink, since the increased pressure 591 be 5 
through the water, compressing the air in the tube and doraa E e Me 0 af 
which is trapped inthe tube. When the pressure is released, the diver rises. 


mercial versions of this device are available with a tube shaped in the form of a human 


figure— usually called ‘‘Cartesian Imps". 
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Cartesian Diver 


flexible 
seal 


PROBLEM 12 


We must calculate the relative masses of the neon-filled soap 1 and an equal 


stopper 


water 


A log or boat will float in water if its mass is less 
than the mass of water it displaces; a balloon 
will rise as long as the mass of the container and 
the enclosed gas is less than that of an equal 
volume of the air around it. If a soap bubble 20 
cm in diameter with walls 10-* cm thick is filled 
with neon gas, will it rise or sink through air 
(density 1.2 X 10— g/cm?) of the same temper- 
ature? Consider the density of the bubble ma- 
terial to be 1.1 gm/cm?, and the density of neon 
gas to be 8.4 X 10 g/cm’. 


volume of air. The mass of the soap bubble is 


bubble mass = bubble material vol. X bubble material density + neon vol. X neon density, 


= 47 (10 em)" (10 


=1.4 gm+ 3.5 gm - 4.9 gm. 


Mass of displaced air -$ m (10 em)? x1.2 x10? 


Since 5.0 gm is greater than 4.9 gm, the bubble will rise. 


PROBLEM 13 


a) A good, straightforward, if somewhat difficult, exercise dealing with the density 
of gases and the meaning of equilibrium. Try this one only on your better students. 


If the balloon is in equilibrium, we know that 10 mass "e balloon - total Sign of 
, displaced air. The mass of the displaced air is E T (16 em)? * 1. 2 K 10 3 gm/ em? 
20. 7 gm. The mass of the balloon is mass of Uno + mass of helium + mass of 9.2 m 


A balloon with a mass of 10.3 gm is filled with 
helium to a diameter of 32.0 cm. It rises in the 
air and lifts, in addition to the balloon, 9.2 meters 
of string before it comes to uilibrium. The 
string is found to have a mass of 0.78 gm/m. 

(a) What is the density of the 1 85 in the 
balloon? 

(b) What is the ratio of the pressures inside 
and outside the balloon? 
Note: The density of air is 1.20 gm/liter; the 
density of helium at roorn temperature is 0.165 
gm / liter. 


79 om) X 1.1 gm/om? 4 $7 (10 en) x 8.4 x 10 4 


— 7 = 5.0 gm. 
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string = 10.3 gm + mass of helium + 9.2 m X 0. 78 gm/m = 17.5 gm + mass of helium. 
Therefore, the mass of the helium must be 20.7 m- 17.5 gm = 3.2 gm. Since the 


balloon has a volume of 1. 72 X 10* "E (calculated before in determining the mass of 
displaced air), the density of the helium is 


density of helium = ——3À H. = 1.86 x 107* gm/cm?. 
1.72X10 cm 


b) Since the normal density of helium is 1. 65 X 104 gm / ems, the pressure inside the 
balloon must be 186/165 = 1.13 times greater than the pressure outside. 


PROBLEM 14 (a) A gas thermometer containing helium is at 
the temperature of melting ammonia in which it 
has been immersed for some time. The volume of 
He at standard atmospheric pressure is read. 
Then the thermometer is moved into a bath of 
boiling water. The pressure on the He gas volume 
is still atmospheric pressure, By what factor does 
the volume of He change? (Use Fig. 9-10 to 
estimate the temperature of melting ammonia.) 

(b) If the thermometer had a constant volume, 
by what factor would the pressure of the He gas 
change? 

(©) If we used oxygen gas instead of He in the 
thermometer, how would that affect the answers 
to (a) and (b)? 


a) For the same number of molecules and pressure the volume of a gas is proportional 
to the basic or Kelvin temperature scale. The factor by which the volume changes is the 
same as the factor by which the temperature changes. The temperature of melting am- 


monia is 2.00 x 10 24 COL mercury or 195° Kelvin, and for boiling water is 


(molecules/m 
3.84 x 10 74 -om of mercury. or 373* Kelvin. The volume changes by the factor 
(molecules/m 
-24 
3.84 X 10 odd dL Ea 
“oa 198 ee 


2.00 X10 
b) For constant volume the factor by 


factor by which the temperature change 


1.92. 

c) A gas thermometer filled with oxygen instead of helium would give the same results. 
Over a wide range of temperature, simple gases behave almost exactly alike with reference 
to pressure and volume expansion. For this reason, temperature can be measured in a 
more fundamental way using gas thermometers than by using the expansion of other sub- 
stances. A gas thermometer will depart from the ideal gas behavior when the temperature 


approaches the temperature of liquefaction of the gas used. For oxygen, this would be 
about 80°K. 


which the pressure changes is the same as the 
(N = @) and thus is the same factor as above, 
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PROBLEM 15 The pressure in a tube of volume 1.00 x 107 m° 
containing helium has been reduced to 
1.00 x 107? cm height of mercury at 0°C. 

(a) What is the number of molecules per unit 
volume? What is the total number of molecules 
in the tube? 

(b) The tube is immersed in liquid nitrogen. 
After waiting for a while, the pressure gauge 
connected to it settles down to 2.68 X 10? cm 
of mercury. What is the temperature on the 
basic gas scale (6)? What is the temperature on 
the Kelvin scale? 

(c) If the helium were replaced by air, how 
would your answers to (a) and (b) be affected? 
(Look at Fig. 9-10.) 


a) From Boyle’s law PV/N = 6, the number of molecules per unit volume is 
N/V = P/0 


2 1.00 X 10? em of H (See page 156 
2.81 x10 2^4 em 9L Eg of the text.) 
(molecules/m") 


1 


- 3.87 X 10? molecules/ me 


The total number of molecules = N = 3. 57 X 1021 Wee * 1.00 * 10? n" 


= 3.57 X 1018 molecules. 


b) Since the temperature is proportional to the pressure of the helium gas the tempera- 
ture of boiling nitrogen would be found from 


IN, LM or 0 LEN 0 
Pi 9: N Pi i 
-3 
9 — 2.68 X 10 em g 
N 


1.00 X 10? em i 


= 0.268 X 2. 81 & 102 of mercury op 
(molecules/ m?) 
0.268 X 273° Kelvin 


-7.59x 09.79 Cm Of mercury e poe Kelvin. 


(molecules/m 


c) All the gas components of the air would liquify at this temperature or at higher tem- 
peratures. Thus the air would not behave in accordance with Boyle’s law and could not 


be used in a gas thermometer to measure the temperature of boiling nitrogen. The gas 
in the thermometer, changing to a liquid or even a solid, would exert less pressure than 


it would if it were a gas, giving too low a temperature reading for the boiling point of 
nitrogen. 


PROBLEM 16 Ts air containing water vapor denser or less dense 
than dry air at the same temperature and pressure? 


Air containing water vapor is less dense than dry air at the same temperature and 
pressure. At a given temperature and pressure, the number of molecules per unit volume 
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is a constant, independent of the masses of the molecules. Thus a water molecule must 
replace a nitrogen or oxygen molecule if the pressure is to remain fixed. But the molec- 
ular masses involved are: 


Ny: 2X14- 28 

9»: 2 * 16 = 32 

H,O: (2X1) * 16 - 18 

Thus the gaseous mixture with H,O molecules present will be less dense than the dry air. 


PROBLEM 17 When a car is driven for an extended period, 
particularly in summer, the tires and their inflating 
air are heated both from the flexing and friction ' 
on the tires and from the warmth of the road 
surface. When the daytime temperature is 27°C, 
L by what factor would you expect the pressure 
to increase with a 30°C temperature rise in the 
tire and air? 


Since the volume of the tire structure does not change appreciably with pressure and 
temperature, the pressure will be proportional to the temperature, and the factor by 
which it changes is the same as the factor by which the temperature changes on the Kelvin 


P 0 
2 2. 30+ 27+ 273 330 
scale. 51 gos TMTFS 300 11:580; Pi is, say, 28 psi, the pressure 


would increase to 28 psi X 1.1 = 31 psi. Since the tire will surely expand somewhat, 
the factor will be smaller than 1.1. 


PROBLEM 18 Note: In this problem you will probably find it 
an advantage to use ratios to find the answers 


at different temperatures and pressures. For this 
urpose, recall that at 273°K and one atmosphere 
ressure there are~ 2.70 X 105 molecules/m* 
(Section 9-3). 

A certain tire contains (10/81) m? of air. It is 
normally inflated to a total pressure of 3 at- 
mospheres (3 times the standard atmospheric 
pressure). $ 

(a) If this pressure was measured at a temper- 
ature of 27°C, how many molecules of air are 
in the tire? 

(b) After a few hours driving the temperature 
within the tire rises to 47 C. What is the pressure 
now? 

(c) How many air molecules would you have 
to release from the heated tire to reduce the pres- 
sure back to 3 atmospheres at 47°C? 


e 
P Vz N, 92 2 1 P4V95 


24 
N, = 2. 70 & 1025 molecules xà x 19 = x28 = 9.10 X10" molecules. 


9 47 + 273 320 d 
b) Pg = P, 65 = 3 atmospheres 300 zd X 300 atmospheres = 3. 2 atmospheres. 


c) The number of molecules that would give 3 atmospheres pressure at 47°C is 


0 
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P 
4 28.985 24 
Ny = Ny P, x 9.10 X 10 * J 3 8.53 X 10^" molecules. 


The numher of molecules that would have to be released to reduce the pressure back to 
three atmospheres would be simply the difference 


24 24 


N- N. N. 9. 10 x 1024 9, 53 x 102 = 0.57 x 1074 = 5.7 x 107 molecules. 


2 4 
(It might be well to note that it is not considered good practice to '*bleed'' the tires under 
these conditions. Increased flexing of the tires causes a temperature rise which will bring 
the pressure up again.) 


PROBLEM 19 A gas is made up of molecules of hydrogen and 
ox . 
(5 Which molecules move faster? 
(b) About what is the ratio of the speeds? 


LI 


8) Since the temperature of a gas is proportional to mv? and hydrogen molecules have 


a lesser mass than oxygen molecules, the hydrogen molecules will move with higher speed 
than the oxygen molecules (when the two gases are e same temperature). 


b) For the same temperature, we know that ma =m * thus 


N [3x16 za 
Yo my 2x1 
The hydrogen molecules have a speed about 4 times that of the oxygen molecules. 


PROBLEM 20 There is good reason to believe that for monatomic 
! gases, the speed of sound is always a definite 
fraction of the speed of molecular motion. 
(Crudely, it is molecular motion that carries 
sound; consequently the two speeds must be 
related.) 

(a) Using the following table compute the pro- 
ducts of mass times the square of the speed of 

sound for each of the monatomic gases listed. 


' . Mass Speed of 
p (amu) Sound 
(m/sec) 
He 4.00 970 
Ne 202 435 
A 39.9 308.5 


(b) Explain the relationship of your results to 
the statements about thermal speeds of molecules 
near the end of Section 9-5. 


a) Gas mv in amu m?/ sec?) 


He ^ 3.76 K 106 
Ne 3.82 x 106 
A 3.80 x 109 


b) The speed of sound and the speed of molecular motion for monatomic gases are 
proportional. Thus the ratios of the above values are the same as the ratios of mv? for 
the different molecules. Since the values of mv" are the same for all cases, this is an 
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PROBLEM 21 
Temp. Speed g vy 
CK) (m/sec) (m*/sec?) 
273 308.5 9.55 x 10° 
513 446.5 19.9 
873 $51.1 30.0 
1273 665.5 443 


This table for argon gas shows the meet 
of sound the square of the speed of 
— 4 at different temperatures on the Kelvin 


(a) Plot the square of the speed of sound 
22 DaN EGS RS 


r^ Assuming that the speed of sound is always 
the same fraction of the molecular speed, check 
your result t the statement near the end of 
Section 9-5 temperature and the square of 
the molecular speed are proportional. 


a) Square of Speed of Sound versus Temperature. 
50 x 10* 


Square of Speed of Sound 
(m?/ sec’) 


200 400 600 800 1000 1200 1400 1600 
: Temperature (* Kelvin) 
b) Assuming that the speed of sound is always the same fraction of the molecular 


speed, the fact that the points on the graph of (Speed)? versus temperature very nearly 
fall on a straight line again indicates that temperature is directly proportional to the 
square of the velocity ofthe molecules. This adds evidence for the gas model. 


The graph of the given function is a straight line through the origin. Thus the re- 
lationship represented can be expressed by an equation of the form: e = AT. (On 


our graph, A has the approximate value 3.4 x 102 metere" / sec? per degree Kelvin.) 


If v is proportional to T, mv," must also be proportional to T. 
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PROBLEM 22 * Brownian motion occurs because in a short in- 
terval of time a particle is hit by more molecules 
from one side than the other. In this way the 
particle moves at random to the right or the left. 

(a) As a rough model of this Brownian motion, 
flip a coin and move one pace to the right if it 
comes up heads, or one pace to the left if it 
comes up tails. Flip the coin 10 times over, 
following the directions it gives you each time. 
Then write down how far away you are from your 
starting point and whether you are to the right or 
to the left. Go through this whole procedure 
several times. After 10 flips do you always come 
out at the same place? 

(b) Pool your results with those of your class- 
mates and make a plot showing (vertically) the 
total number of times that any of you came to a 
given final position against (horizontally) the 
final position measured from the starting point. 
For example, if in all the various tries you or any 
one of your classmates landed 3 paces to the left 
18 different times, you will plot a point on the 
graph 3 units to the left of center and 18 units 
high. If you and your classmates landed back at 
the start 27 times, you will plot a point at the 
center of the horizontal axis 27 units high, etc. 

(c) Examine this plot to see where you (or a 
particle in Brownian motion) are most likely to 
end up. Should the curve be symmetric about 
the starting point? Is it? 

(d) If you measure the distances moved without 
regard to direction away from the starting point, 
about what is the average distance in paces gone 
in 10 flips? Would you expect this average to be 
zero? 

(e) Compare the kind of motion you have just 
studied with observations of real Brownian mo- 
tion. See Fig. 9-17 or take your own observa- 
tions of Brownian motion. Remember that the 
coin flipping, telling you which way to go, repre- 
sents chance bombardment of molecules hitting 
a Brownian particle. 


This prÓblem involves a simple experiment on random motion in one dimension. The 
Student is asked to extend his conclusions to the three-dimensional case of Brownian 
motion. Since the probability of getting heads (or tails) on any one flip of the coin is 
independent of that for any other flip, the displacement to the right or left is a random 
function of the number of flips. This is called a random walk. 


a) If, in 10 flips, a student comes out Probability 
at the same place 10 times, you had better 
ask to examine his coin! The probability 
of ending up 10 steps to the right (10 heads 
in a row), for example, is 1 in 310 = 1024. 

b) The slope of the plot of your class' 
results should approximate that shown at 
the right. Since we do not know the num- 
ber of students in your class, the vertical 
axis of our plot is a probability scale rather 
than the number of cases at each place. If 
you wish your class to see how the class 
distribution compares with the theoretical 
distribution on the plot for the actual AOS 20 24-29 «0099974. 2:618. 10 


Steps 
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distribution. If you have N students each of whom contributed 10 trials, the theoretical 
number of trials arriving at each step is: 


Step Expected number of cases at each step 
0 10 N X 0. 246 
-2 or +2 10 N X 0.205 
-4 or +4 10 N X 0.117 
-6 or +6 10 N X 0.044 
-8 or +8 10 N X 0. 00975 
-10 or +10 10 N X 0. 00098 


c) The most likely ending position is at the origin, or starting point. Unless the 
coin is loaded, there are equal probabilities for being a given distance either to the right 
or left of the starting point. The class’ plot should make this clear (unless your class 
is very small). 


d) Students should not expect the magnitude of the average displacement to be zero. 
All of the trials would have to result in zero displacement for the average magnitude to 


be zero. 

The average magnitude of displacement is found by multiplying each of the displace- 
ments (including zero displacement) by the number of such displacements, summing 
these products, and dividing the sum of the products by the number of tirals. 


The average displacement found by your class can be compared to that which would 
be expected theoretically. We are not interested in differentiating distance to the right 
from distance to the left. Thus, we find from the curve (in part b) that the probability 
for ending up zero steps from the starting point is 0. 246; the probability for ending up 
+2 steps from the starting point will be .205+ .205 = . 410; for 4 steps we have .234; 
6 steps .088; 8 steps . 0195; and 10 steps .00196. If we made 1000 trials we would ex- 


pect to get about the following re sults: 


Total distance moved after Number of times in 1000 that this 
taking 10 steps result is likely to be obtained 
0 246 
2 : 410 
4 234 
6 88 
8 20 
10 2 


To calculate the average total distance covered, we follow the standard averaging 


procedure 


0X246-- 2X 410+ 4 X 234 + 6 X 88+ 8X20- 10X2. 820+ 936 + 528 + 160+ 20 _ 2464 
1000 a 1000 ~ 1000 


= 2.46 steps. 


e) If the motion ina random walk of one dimension is extended to three dimensions, it 
would compare with Brownian motion of small suspended particles, where, instead o 
flipping coins to decide which way to move, the random unbalanced collisions cause the 
motion, The two differ in that the viscosity of the fluid results in retarding forces that 
vary with the velocity. In our simple example of random motion no consideration was 


given to the velocity. Also the time between impacts in Brownian motion affects the 
ular position. No consideration was 


time at which we will find a particle in any partic 


given to this in the random walk. 
If more information is desired on random functions and the random walk, one good 
lliam Band, Van Nostrand, 1959, 


source is Introduction to Mathematical Physics by Wi 
pp. 163-169. 
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Chapter 10 - Measurement 


CHAPTER SUMMARY 

The intent of this chapter is to examine in a preliminary way the fundamental nature 
and limitations of measurement; to consider measurement itself as one of the branches 
of physics; and to show the place of measurement in physical investigation. 


Because of its relation to many current discussions of information theory you or some 
of your students may be interested in the chapter. It is not essential to the further devel- 
opment of this course. “You can easily use it as a reading assignment. You can demand 
a study of it or cut it completely according to your schedule or taste, without danger that 
essential material will be missed. There are six sections in the chapter: 


Sections 1 and 2 Human judgement is required in any physical measurement. Even 
though complex instruments are used for amplification and display, a huraan observer 
must make yes- no“ (binary) decisions about the value of the measured quantity. The 
number of yes-no“ decisions which must be made is a quantitative measure of the pre- 
cision of the measurement. In the case of an instrument which seems to perform a mea- 
surement and give a direct answer“, such decisions are often taken in designing the 
instrument. 


Section 3 There are natural uncertainties (noise, exactly where the object ‘‘ends’’, 
etc.) that limit the precision of any measurement. 


Section 4 Instruments may be used for measurement without a detailed knowledge of 
„what makes them tick“. Used in this way, they must be calibrated by using them to 
measure quantities we already know. 


Section 5 and 6 The act of measurement inherently disturbs the system being mea- 
sured. Useful measurement requires that the disturbance be inconsequential, or that the 
disturbance be taken account of through allowing for it. Section 6 serves as an introduction 


to Part II. 


SCHEDULING CHAPTER 10 

Chapter 10 deals implicitly with that branch of science known as inforination theory. 
It is difficult to treat this subject more than superficially without first introducing con- 
siderable materialon statistics. This would be entirely too difficult for students at this 
level. However, the general results of such studies can be presented qualitatively (as 
they are here). Such matters form an important part of students' understanding of the 
nature and problems of scientific investigation. 


This chapter is intended to be read. It should not require much class time unless you 
wish to develop a few of the topics more fully than they are covered in the text. The ex- 
ercises are intended largely as thought questions for students, and need not be assigned 
or discussed in class. If time is Short, the chapter can be handled entirely as a reading 
assignment, or it can be skipped without causing difficulty later. 


SUPPLEMENTARY MATERIALS FOR THE CHAPTER 


Home, Desk and Lab. The first three exercises in the end-of-chapter material are dis- 
cussedin the green pages (page 10-7). These are quantitative exercises, but should not 
be assigned unless you plan to spend time on class discussion of the material of the chapter. 
The other three exercises are ‘‘thought questions’’, or home experiments“. 


Films. Measurements“, by William Siebert of Massachusetts Institute of Technology. 
Measurement of the speed of a rifle bullet is used as the basis for a discussion of mea- 
surement; problems discussed include noise, bias, black boxes’’, and the element of 
decision inherent in all measurements. Running time: 22 minutes. 


This film can be used to summarize the ideas of the chapter or to introduce a general 
Klass discussion of measurement. The film, although originally intended to fit in with 
the study of Ghapter 10, also can be used quite effectively near the end of Chapter 3. 
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Section 1 - Decision: The Unit of Measurement 


PURPOSE To indicate the role of the observer in a measurement, and to point out the 
ultimate binary nature of decision. 


EMPHASIS Treat largely as a reading assignment. Some of your students may enjoy 
a brief further discussion such as that below. 


CLASS DISCUSSION Students will not think that six or seven yes-no decisions are needed 
to measure the length of a piece of paper as 28 cm. They are overlooking the fact that 
such decisions are implicit in the process. Some of them were taken in building a ruler 
so as to avoid having to repeat them each time we wish to measure. 


The text refers to the fact that there is a minimum number of decisions which must be 
made to determine a quantity to a specified degree of precision. Problems 1 and 2 deal 
with this relationship. The proof of this theorem is somewhat difficult, but many of your 
students should be able to see that there are efficient and inefficient ways of establishing 
the value of a quantity through a series of binary decisions. 


Suppose, for example, we wish to use a series of yes-no decisions to determine the 
length of a given table to the nearest centimeter with a one-meter rule. The basic prob- 
lem is to decide how many 1/100th parts of a meter most closely approximate the length 
of the table. Assuming the table to be not more than a meter long, and making only binary 
decisions, we could take as many as 100 decisions in measuring the table. For example, 
we could construct a list of all possible lengths tó the nearest centimeter, and successively 
ask whether the table corresponded to each length: 


Length lem 2cm 3cm 4cm 5cm...65cm...98cm 99cm 100 cm 
Equal to table? no no no no ao uwYOR ctr. no no no 


Again assuming the table to be not more than a meter long and using a meter stick as 
our rule, we might make the following sequence of binary decisions: 


Question: Is the table- Answer Conclusion 

1. longer than 1/2 rule (50 cm)? Yes 50cm<L<100 cm 

2. longer than 50 cm+ 1/4= 3/4 rule (75 cm)? No 50 em < L < 75 cm 

3. longer than 50 cm + 1/8 = 5/8 rule (62.5 cm)? Yes 62.5cm <L <75 em 
4. longer than 62.5 cm + 1/6 = 11/16 rule (68.8 cm)? No 62.5cm < L< 68.8 cm 
5. longer than 62.5 cm + 1/32 = 21/32 rule (65. 6 cm)? No 62.5em<L<65.6cm 
6. longer than 62.5 cm + 1/64 = 41/64 rule (64.1 cm)? Yes 64.1 cm < L < 65.6 cm 
7. longer than 64.1 cm + 1/128 = 83/128 rule (64. 8 cm)? Yes 64.8cm<L<65.6cm 
8. longer than 64.8 cm + 1/256 = 167/256 rule (65.2 em)? No 64.8cm<L<65.2cm 


= 65 cm QED 
It is apparent that this process consist of finding which half-part of a given range in- 
cludes the quantity sought, then finding whith half of this part includes the quantity, and 
soon. It is to be noted that step number 7 narrowed the range within which the desired 
quantity fell to less than 1 cm. This step specified the quantity to within 1/100th of a 
meter. * It is no accident that the smallest power of 2 which gives a number greater than 
— —— — — —u — n S Wwnen gives a number greater than 


At this point we could say that L= 65. 2 4 0. 4 cm. This Specifies the length within an 
interval of less than 1 em. However, the specified range, 64.8 cm-65.6 cm straddles 

65 cm in such a way that we cannot be sure that the quantity is not nearer to 66 cm than 

65 cm. We could call it either 65 cm or 66 cm and be correct to within 1/100th of a meter. 
If we wish to specify the length to the nearest whole number of centimeters, one further 
decision is required in this particular case. This further decision specifies the quantity te 
about 1/250th of a meter. It follows that when one calls for a measurement ‘to the nearest 
whole centimeter'', he is sometimes asking for a finer distinction than “to 1/100th of a 
meter". i 
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100 is 27. Seven decisions is the least number which can be taken to specify a quantity to 
1/100th (actually —- = 1250 of a given standard. 
2 


Thus we can determine the least number of decisions required to make any measure- 
ment to a specified precision. For example, in Problem 1, we are asked to determine 
the minimum number of decisions necessary to specify the time to the nearest hour, min- 
ute, and second. It does not matter what particular time we are asked to specify. It 
does not matter whether we are dealing with a clock with one hand (hour), two hands (hour 
and minute), or three hands ( hour, minute and second). Fundamentally, we are being 

1 1 ] 
asked to specify an angle to 12X60X60 ` 43,200 th of 360° (12 hours). The smallest 
power of 2 greater than 43,200 is 916 = 56,472. Therefore a minimum of 16 decisions 
is necessary to determine the time to within one second. ** We could have arrived at the 


same result by noting that 24 = 16 > 12; 26 = 64 » 60; 26 64 > 60. Adding the exponents, 
4+6+6=16. 


Section 2 - Amplification and Display 


PURPOSE To point out that the use of instruments for amplification and display does 
not relieve the human observer from the necessity of making fundamental decisions about 
the result of a measurement. 


EMPHASIS Treat as part of a reading assignment, simply making sure that students see 
that even the most elaborate devices used in measurement do not take the place of human 
judgement. They are simply aids to help an observer “see better". Even in simple count- 
ing, someone has to decide what is countable and what is not. See COMMENTS under Sec- 


tion 3. 


Section 3 - Signals and Noise 


PURPOSE To point out that there are inherent limitations on the accuracy of any physical 
measurement. 


EMPHASIS Treat primarily as part of a reading assignment, simply making sure that 
students understand some of the limitations on precision of measurement. 


here the end of 
COMMENTS The examples in the text--the limiting effect of precisely w! 

the table is; the width of the marks on the measuring scale; and the effect, in the realm of 
atomic size, of Brownian motion; can be used as illustrations of natural limitations on 


precision of measurement. 
MIC ee ME. 


i i t that can be 
Students may be inclined to think of counting as a form of measuremen 
accomplished with a high degree of precision. Sometimes this is so. However, as the 


i i timeter 
A i dealing with measuring a table to the nearest cent z 
ve want te i ole number of seconds, a further decision 


if we want to define the time to the nearest wh 
may be needed. It will be required if the interval of less than one em 5 the 
16th decision does not ‘“‘straddle” a specific second in such a way that all v 


the interval are closer to that second than to the preceding or following second. 
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text points out in Section 1 of this chapter, it is often difficult to decide what to count and 
what not to count. Perhaps an illustration such as the following could be used to make 
this point. 

If, for some reason, we sent several people to count all the marbles in town, it is 
unlikely that their count would agree. This would not be due simply to the fact that some 
would find marbles that others would not find. Sometimes it would be hard to determine 
what was and what was not a marble. How would we define a marble? By its appearance? 
By its size? By whether it had been used to play marbles? How big or how small does 
a glass ball have to be before it is something other than a marble? Could we set a range 
of sizes and say with confidence that all glass balls within this range are marbles, and 
all bigger and smaller glass balls are not marbles? 


Some boys use steel ball bearings as marbles. How would we distinguish between 
*'steelies'' that are marbles and ‘‘steelies’’ that are ball bearings? By the fact that they 
are in a boy' s pocket instead of an automotive parts store? Some of those in the store 
will find their way to a boy' s pocket. Which ones shall we count? 


Clearly our count will not be precise unless our counters can agree on a test which 
will enable them to make a clear-cut binary decision: t is a marble” or It is not a 
marble". While it might be hard to find a useful purpose for such a count.as the above, 
often the purposes for which we want a count will suggest the nature of the test or defini- 
tion. For example, if we wanted to know how many marbles were swallowed by infants 
last year, it might be somewhat easier to devise a test for what will be counted as mar- 
bles. 


Your students can probably think of some of the natural limitations on precision in 
counting stars. 


* ox * 


Students may be interested to know that the only way to reduce the effects of thermal 
noise on measurement is to reduce the temperature. There is no degree of sophistication 
of instruments which can be used to reduce the ambiguity of a single measurement beyond 
this limit. However, if a sequence of measurements can be made, and if there is some 
a priori knowledge available about the state of the system (e.g., that it is actually sta- 
tionary), then various correlation techniques can be used to increase the precision. For 
example, the average value of the position of a Stationary object can be found to arbitrarily 
high precision: for a sequence of n observations of uncertainty X, the uncertainty in the 


average (assuming a random set of observations) is X- . (e.g., in 100 observations, 
the error is reduced by a factor of 10.) 


Section 4 - Black Boxes and Calibration 


PURPOSE This section is an elementary discussion of the philosophy of measurement, 
intended to let students realize that, if they are careful in calibrating their instruments, 
they need not know everything about the inner workings in order to obtain useful data. 


EMPHASIS Treat as a reading assignment. 


COMMENT While black boxes“ are often useful, the text is careful to point out that 
must of the growth of physics depends upon opening black boxes. It is only by detailed 
knowledge of the Works“ of a piece of equipment that we can hope to understand the 
magnitude of the systematic errors (as contrasted to random errors) which enter into 
physical measurements. Calibration enables us to determine the relative precision of 
an instrument, which is a measure of the random errors inherent in its use, but fre- 
quently random errors are only part of the story. We may calibrate a thermocouple 
against a thermometer, but if the thermometer itself is inaccurate, our real’ precision 
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in the measurement of temperature with a potentiometer reading of the thermocouple 
emf may be much poorer than we think. 


Section 5 - Interaction 


PURPOSE To point out that the act of measurement inherently alters the system being 
measured, and places a further fundamental limit on the precision of the measurement. 


EMPHASIS This section alludes to such ideas as the famous Uncertainty Principle of 
Heisenberg, but a detailed class discussion of such matters would lead to chaos at this 
point. Let students understand interaction at the level presented without trying to pene- 
trate deeper. Treat as a reading assignment. 


COMMENT The innocent-seeming statements of this section stem from deep and con- 
troversial philosophical issues. We must answer questions such as ‘‘Is the system real 
if we cannot measure it? (What do we mean by saying that something is there? Is it 
there even if we do not determine this fact, or is it where we determine it to be...there 
plus or minus some uncertainty due to the measurement?) These are not matters for 
class discussion, but you may want to stimulate some of your better students outside of 
class. 


Section 6 - Light 
PURPOSE Introduction to Part H. 
EMPHASIS Treat entirely as a reading assignment. 
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Chapter 10 - Measurement 
For Home, Desk and Lab — Answers to Problems 


COMMENT None of the problems for this chapter need be assigned or discussed in class. 
They may be considered as “thought questions for students to consolidate their reading. 
A solution of Problems 1 and 2 cannot be expected unless class time is devoted to a dis- 
cussion of the material of Section 1 (see previous comments). Problems 4-6 do not re- 
quire solutions, and are not discussed below. 


PROBLEM 1 Analyze the series of decisions you make in dis- 
covering that your watch reads 37 minutes and 23 
seconds past eleven o'clock. How will the set of 
decisions change if the watch is turned 90 degrees 
from its normal position? If you read the face in 
a mirror what decisions would you make? 


This is a problem in information theory. As discussed in the guide for Section 1, 16 
decisions are required to determine the time to a precision of 1 second (sometimes 17 
decisions are required to determine the time to the nearest whole second). In principle, 
rotation or reflection of the watch makes no difference since we are still concerned with 
measuring an angle to a specified precision. However, we may require further decisions 
to deduce the meaning of the measured angle (an even simpler case — is it AM or PM?). 


PROBLEM 2 Which measurement is more complex and why: 
measuring a table approximately 2.5 feet long to 
the nearest sixteenth inch, or measuring the di- 
ameter of a hair to the nearest hundredth of a 
millimeter under the microscope? Discuss the 
decisions required. 


This is another problem in information theory. In the case of the table, we are asking 
for a precision of at least 1 part in 2. 5 X 12 X 16 = 1:480. Inthe case of the hair, we are 
asking for a precision of 1 part in, perhaps, from 2 to 10 (probably most hair is between 
.01 and .1 mm in diameter). The first measurement is far more complex. The first 


measurement requires 9 to 10 decisions (2° = 512), while the second requires only 1 to 
4 decisions (at = 2, 25 7 16), although the second measurement may take much more 
time (setting up a microscope, etc.). 


PROBLEM 3 Make a table showing all possible combinations of 
on-off conditions of a set of five lights. Use these 
to make an on-off code representing the alphabet. 


An exercise in binary arithmetic. Since 2° = 32, there are 32 possible combinations 
of on- off“ for five lights. These are 00000, 00001, 00010, 00011, 00100, 00101, 00110, 
00111, 01000, 01001, 01010, 01011, 01100, 01101, 01110, 01111, 10000, 10001, 10010, 
10011, 10100, 10101, 10110, 10111, 11000, 11001, 11010, 11011, 11100, 11101, 11110, 
11111. 
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particular, we can not draw any vector without specifying the scale we are using. General 
haziness about scales probably explains why many students can find 7, = VE but do not 
know the next step to take to draw the acceleration. 

4. What happens when we take the limit of the average acceleration? Both the limiting 
magnitude and the limiting direction must be found. Students have difficulty seeing that 


$ 
although the vector 91 = A grows shorter when 2 and ti get closer, the ratio es 
2 1 


approaches a limiting value. 


Sample Sequence of Problems 
It is essential that students draw some velocity and acceleration vectors themselves. 


Many sample problems can be devised. One sequence which illustrates what can be done 
is given below. If you use such problems in class, it would be best to have them duplicated 
by some process such as ditto or mimeograph. 


Example 1: 


1 cm = 10 m/sec 


pas 

0 10 20 30 m/sec 
: — 

velocity scale horizontal direction 


Problem: Find Y, - 8 graphically. Find its magnitude in meters/sec, and give the 
direction in terms of an angle from the horizontal. a P d 


v. Z 
Solution: magnitude of (T, - ¥,) = 38 m/sec. Pt 7 


direction of 62 - MIL E 
9° above horizontal and to the right 


Example 2: 


1 em = 10 m/sec 
— Un od Aut EIS ) 
0 10 20 30 m/sec 
velocity scale 


Problem: Find the same things as in Example 1 js S, 
(find J) - Ji). (Here since V, is shorter than Fi quem 

Y a 
students may be tempted to subtract the wrong S 


way. ) > 


magnitude of $, =e ee m/sec. 


direction: 9° below horizontal, 
to the left. 
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Example 3: Same as Examples 1 or 2, (find 2 - E except we use two vectors of the 
same length. 


1 cm = 10 m/sec 


9 — — 
0 10 20 30 m/sec 
velocity scale 


magnitude of $5 - 71 = 23 m/sec 
direction: 52° below horizontal to right 


The examples so far merely stress the subtraction of vectors. The next element to 
be added is computation of the acceleration. 
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Example 4: Given 71 and Y, the same as in Example 1, t, = 2 seconds, t, = 6 seconds. 


| 
0 10 20 30 m/see 
velocity scale 


oe S — a E ͤ weu2aꝛ? 
0 1 2 8 1 5 / sec? 
acceleration scale 
Problem: Find the magnitude of the average acceleration in the interval between ti and 
t.. Draw a vector of the acceleration to scale showing its magnitude and direction. 


2 
72 71 
Solution: The average acceleration, v is given by Le = ho 


Its direction is parallel to ¥, - 8 and its magnitude is found by dividing the magnitude 
of the vector (V, - MU by the time interval t t4. 


From Example 1 the magnitude of a - 710 is 38 m/sec, and t. t= 6 - 2 4 seconds. 


2 
Therefore, the magnitude of the acceleration is 32 = 9.5 m/sec’. Using the scale of ac- 
celeration we plot the vector of proper length, parallel to 92 - 71 


(parallel to 92 SN) 


It may be necessary to give several other examples to drive home the steps of 

(i) Find z - 71 i e 

Gi) Measure the length of G2 - 19 and,from the scale, determine the magnitude of 
* * 


(95 - v) in m/sec. 
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(iii) Divide the magnitude of Fy - 710 by the time interval (ty - t4) to get the mag- 


nitude of the average acceleration. a 
(iv) Using the acceleration scale to get the length, plot the vector 25 as parallel to 
72 * 
Example 5: We now turn to circular motion. 
We show a circular path with consecutive 
points A, B, C, D, E, F each separated by 
20* of arc. We assume the particle is moving 
at 10 m/sec and that it takes 5 seconds to go 
from A to B, B to C, etc. 


Problem: Draw a series of separate diagrams 
showing the instantaneous velocities Y A^ YB 


MAT ete. , at the points A, B, C, etc. Draw 


all velocity vectors to the scale shown and 1 cm = 5 m/sec 

indicate the direction of each by a clearly ' 

specified angle. 0 5 10 15 20 25 30 m/sec 
Solution; The velocity vectors are tangent to velocity scale 


the path, point in the direction of motion, and 
have a length corresponding to 10 m/sec on our scale. Thus we have: 


20° 
! an 60° | UE 100 | 120* | 
VA AB Mis YD VE ieee | 6 


Problem: Compute the magnitude and 
direction of the average acceleration for 


the following intervals, and draw them ff WQ 2 
on a clearly labeled figure using the scale 5 1 Sus es 0.8 m/sec 
indicated: Intervals AG, AE, AC, AB. Beers tetra seals 


Solution: First we compute 4 for the interval AG 


RS be | 
0 5 10 m/sec Y | 
velocity scale A | 


Measurements show that the magnitude 
of V, - VA is 17.5 m/sec.. By measurement 


or geometry (using the fact that we have an d 
isosceles triangle) we find the angle 0 is 30°, å y for the interval AG 
and since Fa points 30° below the horizontal, 
we see that Fa -7 A is to the left at 60° below 


horizontal. The time interval te -tą is 30 


seconds. Therefore, the average accelera- 
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tion between A and G is 0. 58 — 7 in the direction 60° below the horizontal toward the 


left. 
For the interval AE, we construct the figure below: 


2 E 
0 5 10 m/sec 
velocity scale 


Y 


We can either measure the direction of 
7E - Va or else use geometry. By the 


fact that we get an isosceles triangle, à for the 1 

we see that 0 = S. Therefore, W e 
2 @ = 180° - 80° = 100°; ¢ = 50° so v5 - Vy 
lies at 40° below the horizontal and to the 


left. 


Measuring the length of MS - $, shows its magnitude is 13 m/sec. The time interval 


A 
is 20 seconds. The average acceleration has a magnitude 20 = 0.64 m/ sec’. 


For AC the answer is à 5 has a mag- 


nitude of 0, 68 m/sec” and a direction 20° 
below horizontal and to the left. 


For AB, 42 " has a magnitude of 


0.70 m/ sec? and points at 10* below 
horizontal to the left. 


Studying the results we note two things: E 


(i) The magnitude of the acceleration vectors C 
is nearly constant for points which are moder- 

ately close. B 
(ii) The direction of the acceleration vector A 
points parallel but in the opposite sense to the 
radius vector from the center of the circle to 
the midpoint of the arc. Thus, in the interval 
AE, the midpoint is C, and the radius vector 
from the center of the circle to point C makes 
an angle q 40° to the horizontal, pointing up an 


zontal to the left. Your bright students may enjoy proving the relat 
this paragraph. 


Notice in particular that the relationship in (ii) ab D r 
as our io pico get closer together, the average acceleration over the interval el closer 
and closer to perpendicular to the velocity at any point in the CURE e 2 
stantaneous acceleration is perpendicular to the instantaneous velocity, an p 


to the radius vector at a given instant. 


d to the right, while ay is 40° below hori- 
ionship described in 


ove shows, as do the drawings, that 


Derivation of vir relation: The previous problems lead ndturally to a derivation of the 


magnitude of the acceleration. 
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This problem is considered in Part III of the course. Unless you have an unusual 
amount of time to cover Part I and unless your class has grasped these ideas firmly, 
you will want to leave this derivation to Part III. 


In Example 5 the position of the particle 
in its circular path could be represented by 


F E 
G D 
a radius vector R which is uniformly rotating C 
in the circle with its tail at the center of the B 
circle and its head at the particle. The velocity, 2 


V, of the particle is at every instant perpendicu- 
lar to R, and if the particle makes one revolution 
27R 


in the time T, the magnitude of v is TC 


Our sequence of velocity vectors Y * Fp’ 


etc. in Example 5 suggests a convenient way 
of describing the velocity: it changes in time 
as though pivoted at its tail, turning at the 
same rate as the radius yector (since ¥ is 


of 
always perpendicular to R). Because the locus of tip 


acceleration is the rate of change of velocity e E: ud 
with t it has the same relation to the rotating “radius” v) 


vector Y in this circle that the velocity had to 
the rotating position vector (R) in the previous 
27v 


circle. Therefore the magnitude is a= T 


Eliminating T between the two equations v — 1 and a m gives the desired relation 


T at r r 
direction of $ must be towards the center of the circle at every instant because, since V 
the rate of change of R) is perpendicular to R, the acceleration à (the rate of change of 
must be perpendicular to F. 


; 2 
that the acceleration everywhere in the circle is: a= any (=) v= (3) =~. The 


This derivation of centripetal acceleration is the same as that given in Chapter 21 and 
also in the movie ‘‘Deflecting Forces’’. Since both the textbook and the film derive this 
equation in relation to forces, you would not want to refer the student to either of these 
sources if you decide to take up this subject in connection with Chapter 6 of Part I. 


a e ey 
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APPENDIX 
Appendix 2. Supplementary Notes on Nuclear Physics 
(Supplement to Teacher's Guide for Chapter 8, Sections 8 and 9) 


A. Atomic Masses of Isotopes 


The nucleus is composed of Z protons and N neutrons. The main contribution to the 
mass of an atom is the sum of the masses of protons, neutrons, and electrons. Thus to 
a first approximation, the 


Mass of an atom = Z X mass of proton + N X mass of neutron + Z X mass of electron ^ 


(smaller terms discussed below). Or, we could write, mass of an atom = Z (mass of 
proton * mass of electron) * N (mass of neutron) - (smaller terms). 


In atomic mass units: 
Mass of an atom = 1.008142 Z + 1.008982 N - (small terms) 
Mass of atom X 1.01 (Z + N) - (small terms) 
Z4 Nis called the mass number and 18 usually given the symbol, A. 


Very precise measurements show that the mass of the atom is not 1.01 A as it would 
be if the small terms mentioned above were absent. Indeed, the atomic masses of iso- 
topes (not elements) are much closer to 1.00 A than to 1.01 A; of course, the above re- 


lation is exact for g* since this is the atom on which the atomic mass scale is based. 


it was this known fact which made physicists choose O19 as 16.00000, the standard, 
instead of choosing the hydrogen atom or the neutron as the standard. 


B. Binding Energy and Mass Defect 

The small terms mentioned above are now well understood by physicists. Consider 
the simplest atom with more than one particle in its nucleus; this is deuterium, or heavy 
hydrogen. When a light (or ordinary) hydrogen atom and a neutron are near each other 
(but have not combined to form deuterium), the sum of their masses is exactly 1.008142 * 
1.008982 or 2.017124, as would be expected by simply adding masses. However, after 
they combine, the deuterium mass is only 2. 014735. Thus, during the combination, - 
0.002389 of a mass unit was “Jost”. This loss is well understood in terms of the equiv- 


alence of mass and energy first enunciated by Einstein. The mass eS of 0.002389 
atomic mass units equals about 3. 94 X 10 99 kg; this mass multiplied by e (l. e., 
(3X 10° m/ sec)”) is the energy given off when the rae and hydrogen atom combine. 
Thus, the Einstein relation predicts that 3. 55X10 joules of energy must have been 
given off during the combination. (In more usual nuclear energy units, this is 2.22 mev). 
If we observe neutrons being captured by at we indeed find that, for each com- 
bination, a gamma ray of energy 3.55 x10 ^ joules (2. 22 mev) is emitted. Thus the 
equation becomes: 
neutron + hydrogen atom * deuterium atom + gamma ray, and the mass-energy balance 
becomes: 

1. 008982 + 1.008142 * 2. 014735 + 0.002389 


mass defect) was carried off as the gamma ray. 
from a neutron and hydrogen is reversible; a gamma ray 


whose energy is 3. 55 X 10 
and hydrogen. This energy (which 


binding energy. In order to get a balance of mass-energy, one must remember to include 
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the term Am = binding energy/c" as the small terms“ to be subtracted from the masses 
of the atomic constituents above. 


The presence of binding energy” explains why the mass of an atom is not the mass of 
its pieces. If a large atom were formed from individual hydrogen atoms and free neutrons, 
there would be an energy release (in the form of gamma rays) at the moment of formation. 
This energy release is analogous to the release of light when a proton captures an electron 
to form a hydrogen atom. 


C. Why Isotopic Masses are Whole Numbers 


The reason that ot is a convenient substance on which to base the atomic mass scale 


: 16, 
is that the binding energy per particle (i.e., per proton or per neutron) inO is very 
nearly equal to the binding energy per particle in most nuclei. The total mass conversion 


(or „mass defect”) in O16 is (8 X (1.008142 - 1.000000) + 8 X (1.008982 - 1.000000)) which 
is 0.143992 mass units; this is an average of 0. 008562 mass units per particle (or about 
8 mev binding energy per particle). 


The fact that the average mass converted on binding is about 0.00856 mass units 
does not mean that the equivalent energy is released whenever a single proton or neutron 
is added to a nucleus. Sometimes a smaller mass conversion occurs and sometimes the 
mass conversion is larger. But these fluctuations which occur for the addition of a 
single particle tend to average out after several particles have been added. Because 
this avérage mass loss per nuclear particle does not change much, isotopic masses ex- 
pressed in atomic mass units, are very nearly whole numbers. The fluctuations in the 
binding energy of a single extra particle are relatively unimportant to the value of the 
total mass — but these same fluctuations are extremely important to the nuclear physicist, 
who constantly measures and tries to interpret these fine effects. 


D. The Neutron 


The neutron is a particle which, in a very crude sense, behaves like an extremely 
condensed hydrogen atom; because of this, the text does not dwell on neutrons but merely 


lumps them in the term, ‘‘hydrogen unit". The neutron is about 18 m in diameter, 
whereas atoms, including hydrogen, have a diameter of about 19 40 meters. 


If the neutron is not inside the nucleus it decays into a proton, an electron, and an 
antineutrino. This decay is like any other radioactive process in many respects; the 
half-life of the free neutron is about 12 minutes. When the neutron is inside a nucleus, 
nuclear binding forces usually prevent it from decaying. There are times when a neutron 
inside a nucleus changes into a proton, and an electron and an antineutrinc ave emitted. 
However, there are other nuclei in which a proton changes into a neutron and simultan- 
eously emits a positron (which is an ''anti-electron' and a neutrino. These transmu- 
tations are called beta decays or beta radioactivities. When the text refers to neutrons 
being ‘‘made from hydrogen units in the process of condensation'' (on page 136) it is a 
slight oversimplification. The only way a proton and an electron can combine to form 
a neutron is with the aid of an antineutrino. This process has been observed but it is 
a very rare process. It is more likely that neutrons are formed in stars by complex 
nuclear processes in which the principle neutron production comes from radioactive 
beta decays of nuclei in which protons are converted to neutrons. 


E. Isotopes 


The simplest family of isotopes are those of hydrogen. In the normal hydrogen atom, 
the nucleus consists of a single proton. Another isotope of hydrogen, deuterium, has a 
nucleus consisting of 1 proton and 1 neutron. Deuterium is stable and is found in nature. 
a X 
A third isotope of hydrogen, H , is called tritium; it has 1 proton and 2 neutrons but is 


5 
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radioactive. With a half-life of about 12 years, H? becomes ge? by emitting an electron 
and an antineutrino. (ge? is a stable isotope of helium: it has 2 protons and 1 neutron). 


At least one stable isotope exists for each integral number of mass units from A= 1 
to A = 209 with the exception of A= 5 and A = 8. Some A values have several stable 
isotopes, so that there are about 280 altogether. Furthermore, there are many other 
isotopes which are radioactive, but which have been produced and studied. This list 
now extends above mass number 250 and elements of 102 protons. The only mass num- 
ber which does not even have a single radioactive element associated with it is A = 5; 
these nuclei are never formed because they fly apart immediately into two pieces, 
(A= 4 and A=1, or A= 2 and A= 3). 


Most elements have several isotopes stable enough to.be found naturally on earth: 
the exceptions are beryllium ( Be’), fluorine er. sodium (4 Na", aluminum 64347). 


phosphorous G any scandium (4,8655, manganese (smn, cobalt (4,0995, 

arsenic 6 N yttrium eh niobium lw). technetium (43 protons, no stable 
isotopes), rhodium ( E 95, iodine . cesium 3 praesodymium (oer r) 
promethium (61 protons, no stable isotopes), terbium (gst), holmium (180 5, 


197 20 
thulium . tantalum 6 Ta ). gold (,9Au 97), and bismuth (6951 9). One 


interesting and significant fact is that all the above mass numbers are odd; further, except 
for beryllium, the proton numbers shown as the left subscript are also odd. This fact 

has been explained within the last ten years on the basis of a nuclear model which exhibits 
a shell structure, somewhat similar to the shell structure and periodicity of atoms. 


The other sixty elements, all have at least two isotopes found in nature; some have 
many more, tin being the record holder with 10 stable isotopes. ` 


F. Other Fundamental Particles 


Other Fundamenta! Fare 
Physicists, during the last 30 years, have found many particles in addition to the 
pre electron, aa OEE mentioned here. A complete list would include (in order 
of increasing mass) the neutrino, the positron, mu mesons, pi mesons, K mesons, 
antiprotons, antineutrons, lambda particles, sigma particles, and Xi particles. None 
of these particles exist for very long without interacting with something or decaying. 
Physicists are still trying to understand the role of these new particles and whether 
they have any pattern. As far as we know, they do not play a role in determining the 


chemical behavior of atoms. 


TEACHER’S GUIDE FOR LABORATORY EXPERIMENTS 


1. The Place of the Laboratory in This Course 


Our knowledge of physics is the result of years of experimentation. No student can 
experience all the discoveries that have been made, but whenever possible we should 
like him to learn physics in the laboratory. His ability to understand descriptions of the 
discoveries of others rests on his having real experience himself. He profits most by 
making his own discoveries. 


In this course, the laboratory not only replaces teachers’ demonstrations to a large 
extent, but it also reduces the time spent in classroom explanations. The laboratory 
work is closely correlated with the text, and it is of equal importance. 


The Student’s Laboratory Guide provides a minimum set of directions and calls the 
student’s attention to the important points in an experiment by raising questions. Some- 
times the answers to these questions may require thought alone; at other times further 
experimentation is needed. The student must decide what to do. At the beginning of the 
course, some students may feela little insecure with this type of laboratory work. They 
are likely to ask whether they have thé right result, You must assure them that nature 
is not wrong; our job is to understand it by measurement and interpretation. If a student 
has not measured what he set out to measure, a discussion, rather than a "yes" or "no" 
answer, is in order. 


In most cases we recommend that the experiments be done before their topics are 
taken up in the text. In this way the students are not told what to expect. As they pro- 
gress in the course, they learn to enjoy doing experiments whose results they do not know 
in advance. They like to do research even though they realize that someone has faced 
the same problem before. Students face questions and look harder for their own answers 
in this kind of laboratory than they do while reading the text or even during class discus- 


sion. 
2. Doing an Experiment 


When a physicist does an experiment, he has a goal in mind. We suggest that you take 
time in the class period before the laboratory to discuss with your students the purpose 
of the experiment. The aims may be very general. For example, in the experiment on 
the spectra of elements (Experiment I-7), we wish to see whether each kind of atom gives 
off its own characteristic light, a pattern of light by which we can identify the atomic 
species. The main purpose of the-first ripple -tank experiment (Experiment II-8) is to 
observe waves and to see for oneself how waves behave (before considering any fancy Í 
theory or description by others). In Part HI, the experiment on slow collisions (Experi- 
ment III- 1 1) is intended to provide only a qualitative study of what happens during à 
collision. i - 


re quantitative in nature. For example, in Experiment I 5a 

given motion is investigated in detail. In Experiment II-3 the purpose is to find the 
relation between the angles of incidence and refraction. In Experiment III- 2 we wish to 
discover how a constant force changes the velocity of a cart. (Notice thatthe objectives of . 
the last two experiments are not to verify that the ratio of the sines of the two angles is 
constant, or that a constant force produces a constant acceleration.) In Experiment Il-2 
some students may tell you that the apparatus is wrong; the cart does not go at a steady 
speed. Students need only a little encouragement to find their own answers; their ques- 
tioning and the apparatus will help them to discover Newton's law. Thus, the law becomes 
more meaningful to them than it would he through memorizing a phrase in a book. In your 


Other experiments a 


discussion of an experiment prior to the laboratory period, it is important not to give 
away the expected results (though you don't have to pretend that they are not known, even 
to sonie of the students). 


3. Experimental Accuracy 


Whenever necessary, we suggest that you have students repeat a measurement sever- 
al times, take an average, and judge the accuracy of the results from the fluctuations. 
When this is not possible, have the students try to estimate the error they expect, and 
express it as a fraction or per cent. For example, the measurement of the time of 30 
revolutions of the stroboscope in Experiment I-1 should be repeated three or four times 
to ge. an idea of the accuracy. For many experiments, this Teacher's Guide will indi- 
cate the accuracy you may reasonably expect. 


There seems to be a widespread belief that all measurements must be accurate to 
three significant figures and that a result with an error of 50% is worthless. This is not 
true; as an experimenter, the accuracy you demand is determined by the knowledge you 
have before the experiment and by the purpose of the experiment. For example, suppose 
a student has no idea whether the size of an oleic acid molecule is 10710 or 10-4 m. 
From Experiment 1-8 he can conclude that it is not more than, and very close to, 10-9 m. 
This enriches the student's knowledge, and, what is more, he is likely to get a real thrill. 
The small sizes of molecules are no longer just words to him; they become part of his 
world. It is irrelevant at that point to try to push the accuracy further. Similarly, 
students have no a priori knowledge of the order of magnitude of the mass of the electron. 
The real achievement in Experiment IV-10 is to see that the mass is of the order of 
10-30 kg and not 10-25 or 10-32 kg. in general, the less we know about what we want to 
measure, the lower the accuracy we require to gain new information. On the other hand, 

if the student wants to distinguish whether the ratio of angles of incidence and refraction 
or the ratio of their sines is constant, he must measure the angles accurately enough to 
tell the difference. j $ 


4. Analysis of Results 


Setting up apparatus, taking data and analyzing them, and finally drawing conclusions 
constitute an experiment; just taking data does not. 


Very often, experimental results are best summarized in graphs. "A graphical presen- 
tation is particularly useful when interpolations and extrapolations are required. Make 
certain your students learn how to draw and read graphs. Experiment I-4 is especially 
designed to help them in this. 

The analysis of the data in many experiments, particularly in the later Parts of the 
text, is quite time-consuming and should be completed at home. A slide rule is a very 
useful, timesaving device.. We recommend its use. Y 


Concerning laboratory reports: More often than not, these are a chore for the student 
who, has to write them and for the teacher who must read them, We recommend that each 
studeht keep a neat record of what he does at the time he does it. Only occasionally 
should an experiment be written up in a formal report. 


5. Planning 


l 


| The value of each experiment is greatly increased by doing it at the proper time. The 
first paragraph of the discussion of each experiment in this Guide will help you to set up 
your schedule. Also, at the beginning of the discussion of each Part of the course, just M 


after the preface, there is a table which indicates the relation between the experiments 
and the textbook. 


The experiments are flexible in order to fit with laboratory periods of various lengths 
and the abilities of different students, There is usually enough time in a normal labora- 
tory period for the students to take the basic measurements and do some of the paper 
work. The rest should be done at home, Not all students should do everything suggested 
in the Laboratory Guide. Often the last few questions are for the more ambitious stu- 
dents and may involve additional experimental work in the nature of a special project. 
Such open-ended parts are often indicated in this Guide. 


6. Apparatus 


The apparatus designed to be used in the experiments is available from a commercial 
supplier in kit form and can easily be assembled, Students who wish to modify the 
apparatus, or to build it themselves from materials available in the laboratory or at 
home, should be encouraged. 
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TEACHER'S GUIDE FOR EXPERIMENTS, PART I 


The experiments in this Part, like the text itself, set the stage for the entire course. 
Their primary purpose is to make the student realize that in order to know the size of 
things, the time it takes them to move, or their mass, he must make measurements. 
Unaided, his ability to measure extends only over a very limited range. The instruments i 
he will use’ will enlarge this range by many orders of magnitude. The particular devices | 
and techniques are of secondary importance. 


This Part has only nine experiments, and we recommend that you use all of them. 
Their relative priority and their relation to the text are shown in the table below. 


Figures in the Teacher's Guide are labeled alphabetically; figures labeled numeri- 
cally are in the Laboratory Guide. 


Apparatus lists at the ends of the experiments specify materials for one setup -- 
which, in this Part, is intended for two students. Materials for general class use appear 


at the end of the list. 


Number Experiment Best Time Priority 
I-1 Short Time Intervals Before discussion of Section 2-5 ** 
12 Large Distances During Section 3-2 Ao 
I-3 Small Distances During Section 3-3 * * 
14 Analysis of an Experiment During Chapter 4 ** 
1-5 Motion: Speed and After discussion of Section 5-3 ek 

Acceleration 
I-6 Small Masses ` After discussion of Section 7-2 A 
I-7 The Spectra of Elements During Section 7-9 * 
1-8 Molecular Layers Any time after Section 7-9 AK 
I-9 Natural Temperature 

Scale Before Section 9-4 +k 


*** essential 
** desirable : 
* optional ; 


I-1 (1) 


I-1. SHORT TIME INTERVALS 


In this experiment the students calibrate a vibrating bell clapper (which performs a 
repetitive motion with a very short period) against a watch (which has a relatively long 
period). After the calibration is completed, the clapper is used to measure short times 
which are not necessarily associated with repetitive motion. 


The experiment is best done during the study of Chapter 2, preferably before the dis- 
cussion of Section 2-5. If the laboratory period is one hour or less, two periods may be 
needed to complete the whole experiment. This is certainly worth while, considering the 
importance of the experiment and the slow pace at the beginning of the course. If you 
prefer to do only part of the experiment, convenient stopping places have been indicated 
by dashed lines in the Laboratory Guide. 


This is the place to start expressing accuracy in terms of per cent. It may be best 
introduced quantitatively during a follow-up discussion. 


The HDL exercises at the end of Chapter 2 include a number of problems relating to 
the stroboscope which might well be assigned. 


Here are some useful technical details. Good lighting is important because of the 
short observation times through the narrow slits of the stroboscope. One can prevent 
rapid damping of the motion of the flat steel blade by fastening it with a C clamp as 
shown in Fig. 2. The flat steel blade should always be set in motion by pulling the C 
clamp. Pulling the free end of the blade results in a complex motion difficult to observe. 
A white chalk mark on the free end of the blade makes it easier to see. 


The striker block may be removed from the timer before clamping it to the table. 
When the students clamp the timer to the edge of the table as shown in Fig. 1, be sure 
they do not bend the frame by tightening the clamp too much. 


The disc stroboscope may be held as shown in Fig. 3 or with the handle turned toward 
the face. In either case, it is best to have the slit approximately parallel to the long 
dimension of the vibrator when the object is observed. 


The reason why the period of vibration of the blade changes when the position of the C 
clamp is changed has no direct bearing on the experiment and need not be discussed at 


this time. 


To ustop the motion of the clapper and clothespin with four open slits in the disc, the 
stroboscope must be turned about 4 or 5 times per second. If a student has difficulty 
turning the disc at this high rate for any length of time, he may use six open slits. 


The period of the timer is about second. It varies with the adjustment of the make- 
and-break contact and with the voltage of the battery. Only one timer should be connected 


to a battery at a time. 


The most convenient way to calibrate the timer is to pull the paper tape through for 
5 or 10 seconds, count the marks, and divide the total time by the number of marks. It 
is not necessary to pull the tape at constant speed. 


Some adjustment of the clapper may be necessary to get it to strike the tape hard 


enough to leave a visible mark. The circular disc will rotate'as the tape is pulled, 


keeping fresh carbon under the tape. 
0 
4 
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Answers to estions 


With a wrist watch one can find only the order of magnitude of the time of a single 
vibration (about 1 sec). The time of ten vibrations can be measured to within 10%. 


When the motion of the clamp is "stopped" at one end of its swing by using a strob- 
-oscope with one slit open, the time of one rotation is equal to the time of one vibration. 


The motion of the clamp will also be stopped at one end if the disc is turned half as 
fast. Thus, the time of one rotation would be equal to the time of two vibrations. When 
the C clamp is at the end of the blade, it will be difficult to turn the disc evenly enough 
to stop the motion at half the normal rate. It is best to check this effect later in the 
experiment when the times of vibration are shorter. 


To make sure that you have measured the period correctly, after finding a rate that 
stops the motion, increase the rate of rotation continuously until it is doubled. The 
period is correctly determined by the highest rotation rate that stops the motion. 


With two slits open, the time of one rotation of the stroboscope is equal to the time 
of two vibrations of the blade. 


By using a stroboscope with twelve slits, turned directly by hand, students have ex- 
tended their ability to measure short times by about a factor of forty (about 1 sec to 15 
sec). 


The timer can be calibrated to an accuracy of about 576 by pulling paper tape through 
for ten seconds and counting the number of marks. This assume’ measuring the ten 
seconds to an accuracy of half a second. ` 


The time of one vibration is greater (by about 5%) when the clapper vibrates freely 
instead of striking the tape. This is within the experimental error for a calibration 
time of 10 sec and therefore may not be detected. 


Supplementary Observations 


Some students may be interested in making their own stroboscopes or in borrowing 
one from the laboratory to "stop' the motion of other objects in the laboratory or at 
home. Some interesting things to look at are neon bulbs, fluorescént bulbs, fan blades, 
bicycle Wheels, and drops of water from the top of a thin jet aimed at an angle with the 
vertical. 


APPARATUS 


1 12" flat steel blade 
2 4" C clamps 
12" C clamp 
1 disc stroboscope with 12 slits 
1 14-volt timer 
Paper tape 
Carbon-paper discs 
1 13-volt dry cell battery 
1 Clock or watch with Sweep second hand 
1 ae clothespin 


Black masking tape 
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1-2. LARGE DISTANCES 


Two devices for measuring large distances, the range finder and the parallax viewer, 
are used in this experiment. The fundamental idea in each is triangulation. This fact is 
somewhat obscured, however, in the range finder by an additional factor, 2, coming from 
the reflection in the mirror. 


The experiment is related to Section 3-2. 
The parallax viewer should not be omitted, object 
because it clarifies the meaning of parallax 
which is used repeatedly in Part II and it ex- 
tends over a larger range of distances than the 
range finder. The range finder can be deleted 
if Experiment I-3 is assigned. We recommend 
that you have the students calibrate the instru- 
ments in meters. 


The Range Finder 


An experimental calibration is adequate, but 
the mathematical calibration is outlined for 
those interested. When the arm and movable 
mirror of the range finder are rotated through 
an angle 6 [ Fig. (a) J, the line 4, representing 
the line of sight from the movable mirror, 
moves through the angle 20. You can check this 
experimentally with a plane mirror or prove it 
by using elementary geometry. In effect, when 
the mirror rotates through an angle 0 the inci- 
dent ray and reflected ray each rotate through 
an angle 0. Ifthe path of one remainsthe same, 
thea the other will rotate through an angle of 
26. 


From Fig. (a), tan 0 =+ where s is the dis- 
tance from the zero mark on the scale and c is 
the distance from the movable mirror to the 
scale; tan 20 =+ where b is the distance be- 
tween the two mirrors of the range finder and d 
is the distanceto the object. Because the range 
finder is used to measure distances much 
greater than the base line, 14 1 and the angles 
0 and 26 are always small. Therefore tan 20= 


20 and tano --= or 8 = eet 


values for s can be calculated for different 
values of d and the scale marked accordingly to Figure (a) 
complete the calibration. 


then b = c and the equation becomes 


If the scale is placed in line with the fixed mirror, e 
as the square of the base 


s= a , which shows that the range of the instrument increases 
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The Parallax Viewer 


Unlike the range finder, the parallax viewer does not include the base line, This is an 
advantage since one can choose a base line of a few meters or several kilometers depend- 
ing on the distance to be measured, It is convenient, therefore, to mark the scale on the 
viewer in centimeters and to calculate the desired distance from it, The students can, 
òf course, add a few additional scales for fixed base lines on which the distances can be 
read directly. Encourage your students to use the viewer over a wide range of distances, 


When sighting the object through the pinhole, the eye should be kept in line with the 
fixed pin on the viewer and the distant reference point. Moving the head while sighting 
the object will result in incorrect readings. Since, with a pinhole, the range on the scale 
extends about 4 cm from the center, the reference point must be chosen so the object pin 
will be in this range. 


Answers to stions 


In practice, the distances AD, BD, and CD (in Fig. 4) are practically equal, hence one 
finds from the similar triangles 
Ab- D- AC 2 
One can express AD and AC in meters and OC and 82 S, in centimeters since only the 
ratio Th appears in the equation, To avoid confusion, it may be advisable to express 
all distances in meters, 


One can always make the approximation AD = BD by choosing a short enough base 
line. If desired, the accuracy can be increased by using the relation 


AD « AC x AL 


Because we assume the lines AO and CO to be parallel, the accuracy is highest when 
the reference point is farthest away. 


APPARATUS 


1 Range finder (see Special Apparatus Notes for construction) 
1 Parallax viewer (see Special Apparatus Notes for construction) 
1 Meter stick or long tape measure 
1 Paper scale for range finder 
Scotch tape 
1 Ruler 
1 Fine, hard, lead pencil 


300) 


P- SMALL DISTANCES 


In this experiment the students use an optical micrometer to measure distances of 
the order of 1078 m. This experiment relates to Section 3-3 and should certainly be 
done if the range finder in Experiment 1-2 is omitted, 

Have the student calibrate the micrometer in the metric system. A calibration by 
wires of known diameter is more accurate than a calibration with amall pieces of paper. 
However, the calibration with pieces of paper is more fundamental because it requires 
only a ruler. Furthermore, with pieces of paper, the scale will be marked in multiples 
of the thickness of one piece of paper. This will facilitate interpolation. 


The method of determining the distance between two slits will be useful in Experiment 
1-14. 


If vernier or micrometer calipers are available, you may want to acquaint the students 
with their use at this time, There is no need for students in this course to learn to 
read a vernier, but it won't hurt them if it is done incidentally. The students will gain 
confidence in the accuracy of the optical micrometer by comparing measurements made 
with it with those made by à micrometer caliper. 


Answers to Questions 


The purpose of the question is simply to make the student aware of the lage me gull 


cation of the thickness of the paper. It is evident that the micrometer can register a 
No quantitative statement 


thickness even a few times smaller than that of the paper. 
can be made at this point, 


qhe distance between cuts made with two rador blades pressed together equals the 
thickness of one razor blade. 


Tue assumptions are that the blades are of equal thickness and that the binds SES S 
in the center of the blade's thickness. To find the distance between cuts, one has only to 


measure the thickness of one razor blade. 


APPARATUS 


ANC 
1 Optical micrometer 
2 Double-edged razor blades 

Assorted materials to measure: aluminum foil, saran wrap, #40 wire, hair, etc. 
1 Piece of paper for calibration scale 
1 Ruler 

Vernier caliper 

Micrometer caliper 

Tablet or ream of paper 

Small slips of paper of same weight as above 
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I-4. ANALYSIS OF AN EXPERIMENT 


t in seconds 


Figure (a) 


This experiment is designed to give your students the opportunity to devote a full lab- 
oratory period to the analysis of an experiment under your guidance. The experiment has 
been written to accommodate students with different mathematical backgrounds, It re- 
lates to Chapter 4 of the text and should be done after some of the HDL exercises have 


been assigned. 


ld complete the graphs of t versus d and t versus and one graph of 


All students shou 
ed to proceed to the double interpolation 


t versus h. The better students can be encourag 
and the investigation of the mathematical 
relation between t and h. Only students 
who have studied logarithms in mathe- 
matics should attempt to deal with the 


last two paragraphs. 


Millimeter paper is recommended for 
the graphs. Students can make their own 
semi- log or log log graph paper by using 
a plain sheet of paper and the C or B 
scale on a slide rule. ; 


t in seconds 


Answers to Questions 


Fig. (a) shows the t versus d plot for 
h = 30 cm on the largest scale. One can 
clearly see that the curve is not unique 
even if no unusual variations between 
measured points are assumed. The x in 
Fig. (b) shows the interpolated point at 
d= 4 cm. To extrapolate to d= 8 cm, the 
adscale has to be reduced as seen in Fig. 
(b). The upper curve in Fig. (c) SHOWS c 
that the conjecture te 47 is apparently 


Figure (b) 
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Figure (c) 


correct for h = 30 cm. Forthat height, t = 16547. 


The other curves in Fig. (c) show that the conjecture appears to hold also for the other 
heights. 


On the enlarged t scale, [Fig. (à)] one clearly recognizes that the experimental points 
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Figure (e) 


are not ona straight line but they are all 
within experimental error from such a 
Jine. We conclude that for h = 1 cm, the 
experiment is consistent with an inverse- 
square relation ter but it is not accurate 
enough to exclude 4 zable deviations from 
this relation. In practice, such a 
situation usually inspires more 
accurate measurements. 


The plot oftversush [Fig. (e) 
should, of course, pass through 
the origin since, if there is no 
water inthe container, it takes no 


time to empty it. 


To carry out the double inter- 
polation for h= 20 cm and d= 4 
em, we first find iforn = 20 cm 
and d = 1.5 cm on Fig. (e). Since 
we have established that t = con- 
stant: s we can mark the point 
found in Fig. (e) on Fig. (c) and 
draw the straight line through the 
origin. On that line we read the 
value of i for dirus A different 
method would be to read the 
values of t in Fig. (c) for all the 
four values of hand 47 2 and 
then use these values to draw a 
new curve of tversus Eon which 
we then interpolate forh = 20cm. 
This method would also hold af 8 


wy 


were not a linear function 01 4 Y 


Students may find by trial and err 


or that t «vh. This relatio 


` Figure (g) 
t 


n does not hold as accu- 


. rately for d= 5 cm as it does for the longer times, Log t versus log h yields a straight 


per is measured directly with a ruler and is equal to 4 within the experimental error, 
E and (g).] 


Knowing that the dependence of ton dand h is of the form t = constant - the constant 
is found by multiplying the most accurately known time by g the result: constant = 30. 
The calculated value of for h = 20 cm and d = 4 cm is more reliable than the value found 
by graphical interpolation. 


APPARATUS 


4 Sheets rectilinear graph paper 
1 Sheet log log graph paper (2 X 2 min. cycles) 
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I-5. MOTION: SPEED AND ACCELERATION 


This experiment is essential to the study of kinematics in Chapter 5 and may be done 
after Section 5-3 has been discussed. (The plot of a versus t may best be done after 
studying Section 5-6.) Although much of the student's time will be spent in analyzing the 
information from the tape and in constructing the graphs, as much of this analysis as 
possible should be done in the laboratory where you can help the student learn how to 


make the graphical analysis. 


The experiment demonstrates that complicated forms of motion occur and that they 


can be described and analyzed. 
By performing this experiment, 
the student will gain practice and 
confidence in graphical analysis 
as à tool in studying motion. 


One or two timers, set up as 
Shown in Fig. 1, can be used to 
run off tapes for the whole class. 
Let each student pull a tape 
through the timer while walking 
at a normal rate and then con- 
Struct his own set of graphs. 


About 1.5 meter of tape will be 
sufficient to get 20 to 25 points 
on the graph with 5''ticks" as the 
unit of time. Make certain that 
your students begin work on the 
graphs (v and d versus +) in class. 
They can then continue this work 
athome. The plot of acceleration 
versus time can be done later 
after studying Section 5-6. A 
typicalanalysis is shown in Figs. 
(a), (b), and (c). 


Itis not necessary to know the 
calibration of the timer for this 
experiment; any unit of time is 
good. Taking 5 "ticks" as the unit 
of time speeds up the analysis. 


Students may set up a table of 
speed as a function of time from 
which they can plot speed versus 
time. However, the graphs of 
distance versus time and accel- 
eration versus time should be 
plotted from the speed versus 
time graph. 


The average speed is obtained 
By measuring the distance be- 
tween the first and last mark on 
the tape and dividing this by the 
number of time units (5 ticks"). 
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Figure (b) 
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You can also have your stu- 
dents prepare a speed versus 
time graph by cutting tape into 
lengths corresponding to the dis- 
tance traveled in equal time in- 
tervals and pastingthese side by 
side on a common base line. 
These are then compared with 
the speed versus time graphs 
students have plotted. Students 
can then make an acceleration 
versus time graph by measuring 
the successive Av’s onthe speed- 
time graph and cutting tape 
lengths equal to them. (Just 
measure and cut the tape by put- 
ting it beside the bars on the 
speed-time graph.) Paste all the 
Av’s side by side to form the ac- 
celeration plot and compare with 
the graphs the students prepared. 
Figure (c) This helps students to visualize 
better what the measurements 
and the graphs mean. 
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time in 5"ticks" 


To minimize friction while measuring the acceleration of a falling object, the bell 
timer can be turned on its side at the edge of the table and a relatively heavy object can 
be used to pull the tape. If the object falls approximately one meter, there will be about 
20 marks on the tape. ; 


Answers to Questions 


It will be possible to see, by inspecting the tape, where the speed was greatest and 
where it was smallest. However, it is more difficult to see where the acceleration was 
greatest and smallest. 


. The distance (in cm) between any two adjacent marks on the tape represents the speed 
of the hand in centimeters per "tick." 
The distance as a function of time, obtained by counting squares under the speed curve, 
will be the same as the distance measured directly from the tape except for small errors 
in graphing and in counting squares. 


The acceleration of a falling body as measured in this experiment may vary by about 
5%, Frictional effects are not usually constant. 


, 


APPARATUS 
1 Ruler à 12 volt dry cell* 
4 Sheets rectilinear graph paper Ticker tape 
1 Weight (about 1 lb.) Carbon-paper disc 
E NA q I C clamp (3" or 4") " 
Timer* 3 


) * 9 


* One or two of each is sufficient for entire class. 


X 


object, the balance will not yield even the right order of magnitude, From their study 
of chemistry, some students may be acquainted with complex analytical balances. This 
experiment will show the student that a simple soda-straw balance can measure very 
small masses to much better than an order of magnitude, Each student should calibrate 
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I-6. SMALL MASSES 
An ordinary laboratory balance will measure a mass of several hundred grams with 
an accuracy of 1% or less, but when it is used to measure the mass of a hair or light 
d his balance; not for the technique alone, but again for the idea of extending his range 
of measurements by the use of simple devices. The appropriate time for this experi- 
ment is after the discussion of Séction 7-2. 
| 


The closer the needle is to the center of mass of the straw and bolt, the more sensi- 
tive the balance will be. If the needle is below the center of mass, the instrument will be 
unstable and cannot be balanced. In this case, turning the balance upside down will place 
the needle above the center of mass and will stabilize the balance. 


Considerable time will be saved if several hundred sheets of paper are counted out 
and weighed on an ordinary laboratory balance before the laboratory period begins. Each 
student can then calculate the mass of one cm? (or less) of one sheet, Small pieces of 
paper are handled most conveniently with tweezers. The effects of air currents will be 


minimized by placing the balance in a shoe box or other small container. To avoid 


making this experiment only a construction and calibration exercise, some use of the 
balance is essential. Using the balance and optical micrometer to find the mass and 


volume of small objects will be helpful in the discussion of density in Section 7-4. 
w balance to the molecular 


See Experiment I-8 for an application of the soda- stra 


layers experiment. 


Answers to Questions 


Most ordinary balances will weigh accurately to 0.1 - 1.0 gram. 1f the balance’ weighs 
accurately to, say, 0.1 gram, the accuracy in weighing a textbook expressed in per cent 
is mer afer book x 100. The accuracy in measuring the mass of different objects depends 
therefore on the mass of the object. 


nd to within an order of magnitude by using an ordi- 


The mass of a hair cannot be fou | 7 ) 
sible to tell whether the mass 1S 10? gmor 10" gm. 


nary laboratory balance; it is impos 
To check the equality of the masses of several small pieces of paper, compare the 
deflection of the arm for each one. ; 

The largest source of error in the calibration is probably due to lack of uniformity in 


the paper. 


Scale readings are interpolated by dividing the space between the marks found by cali- 
pration into equal parts. `~ í i 
The range of the soda-straw balance depends on the sensitivity. mme one can make 
about ten meaningful divisions on the scale, the range is about ten times the smallest 
€ 


measurable mass. 


Wo qo 
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APPARATUS 


1 Razor blade or scissors 
1 Ruler 
1 Clothespin 
1 10" soda-straw 
1 Machine screw to fit straw as counter-balance n 
1 Needle or long pin 
A block of wood (2" x 4" x 3"), two microscope 
slides, and a rubber band can be used to make 
a base for the balance, although a variety of 
other things will serve as well. 


Tablet or ream of paper 
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I-7. THE SPECTRA OF ELEMENTS 


This experiment demonstrates that atoms of a strongly heated element give off colors 
characteristic of that element, Since the eye does not resolve mixtures of colors, a 
spectroscope is used. The theory behind its operation is, however, irrelevant at this 
time. The appropriate time for doing the experiment is during the study of Section 7-9. 


The compounds listed will give good results when used in crystalline or, preferably, 
powdered form. Some of the nitrates of the metals, such as sodium nitrate, cupric 
nitrate, etc. should be available to show that the color given off is a characteristic of 
the metal and not of the chloride. The colors due to chlorine itself are too weak to be 
seen. The metals mentioned here give off visible light in the temperature range avail- 
able from the Bunsen burner. If other substances are used, their suitability should be 
tested in advance. It may be advisable to caution the students against tasting the 
substances. j 


The nichrome wire must be new, Shiny, and free of impurity. Contamination from 
sodium salts in perspiration will be prevented if the wire is not handled near the loop. 

If it is necessary to re-use a wire, it should be cleaned by holding it in the flame for a 
few minutes, dipping it briefly in a dilute solution of hydrochloric acid, and then reheating 
the loop. When the clean loops are not in use, they should be stored by wrapping them 
individually in aluminum foil. A handle for the wire can be made by inserting one end of 
the wire into a short piece of 4" dowel with pliers. 


When the heated loop is dipped into the solid substance, a small amount will melt and 
stick to the loop. If some substances do not stick well, they may be moistened. 


The only critical step in the construction of the spectroscope is to make certain that 
the slit is parallel to the lines on the diffraction grating. _A spectral line, like the yellow 
line in sodium, may appear doubled. This is not the true doublet of sodium, but a "ghost" 
doubling due to imperfections in the grating. Eliminate this doubling by moving your 
head a little in order to use a different portion of the grating. If this does not remove 


the ghost, replace the grating. 


The colors will appear more pronounced if the room is in semi-darkness. 


Answers to Questions 
The colors are substantially different except for lithium, strontium, and calcium, 
which are red. 


Without the spectroscope, the eye can distinguish the separate colors given off by a 
; ixture of the copper and lithium chloride because of accidental spatial 


fifty-fifty m ati; / 
separations of the luminous regions in the flame. When only a trace (5%) of lithium 1s 


in the mixture, it is possible to distinguish the color given off by each substance only by 
using the spectroscope. 


f lithium mixed with sodium chloride cannot be detected 


The presence of a trace o d with £ 
without the spectroscope, but the lithium line is visible through the spectroscope. 


The student can convince himself that the colors he observes are characteristic of 
sodium, calcium, copper, etc. and not their chlorides by observing the colors given off 
à tes of the same elements are tested in the same way. This also shows 


hen the nitra f 
tha o colors are given off by the individual atoms and not by the element in bulk. 


Sodium can be identified in baking soda and calcium in chalk dust. 
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APPARATUS 
The following suitable for entire class: 
Small amounts of crystalline or powdered: 


lithium chloride 
potassium chloride 
strontium chloride 
sodium chloride 
calcium chloride 
cupric chloride 


One or two nitrates of the above. 


baking soda 


chalk dust 
10 422 Nichrome (or platinum) wire loops and dowel handles (4 x 2") 
1 Gas burner 
1 Spectroscope 
1 Ringstand and flask clamp 


Several small watch glasses or similar containers 


a 
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I8 x MOLECULAR LAYERS 

This experiment yields an upper limit for the size of a molecule. It is a major 
achievement that the student can push this limit down to the order of 107? m(-104. The 
experiment relátes to the content of Section 7-12 but may be done any time after Section 
1-9 has been completed. 


The following demonstration may help the students understand the indirect method of 
measurement used in this experiment. Measure out into a graduate the volume of metal 
shot that will cover the bottom of à circular tray. Find the area of the tray and calculate 
the thickness, (diameter) of the shot. Compare this with the value found by measuring 
ihe diameter of one of the shot with a ruler or compass. 


Best results are obtained with a 0.5% solution for which a tray with a diameter of at 
least 15 inches is required. (One per cent requires too large a tray, Whereas 0.05% gives 
very irregular shapes.) If the tray is difficult to clean, it may be lined with aluminum 
foil. The ripple tank makes a good tray. However, the tanks with wooden frames must 
be lined to prevent contamination from the putty and wood. Perspiration from the hands 
can contaminate the water enough to prevent a clear-cut film outline. Barring mistakes 
on the part of the student, it is not necessary to clean the tray during the experiment, 
After the experiment, however, the tray must be thoroughly cleaned to remove all the 


oleic acid. 


If the tap water is heavily chlorinated or has a high mineral content, distilled water 
should be used. An advanced check may be in order. Using warm water will speed up 
alcohol evaporation. If too much indicator powder is used, it will prevent the oleic acid 
from forming the largest possible circle and thus the thinnest possible layer. 


A mixture of three parts of new crankcase oil and one part of old crankcase oil also 
makes a good indicator. Use a single drop from a toothpick. Although this indicator 
works well, it has the disadvantage that two more oils enter the picture to make the 
situation appear more complicated than it really is. 

* 
You may want to mix the solution in advance or have one or two studehts do it, but 
each student should calculate the concentration. Following the directions given in the 
Laboratory Guide results in 50 cm? of 0.5% solution. This is more than enough for all 


of your students. 


The first drop of solution from the medicine dropper may take with it some of the 
solution adhering to the outside of the dropper and thus be larger than others. To avoid 
this, the first few drops can be returned to the bottle. 


If the students do not think to do it themselves, suggest that they try to stretch the film 
by pulling it with a thin wire to see if they can change its area or only its shape. 

If time permits, you may consider an interesting sidelight. Have each group prepare 
about 5 cm? of oleic acid solution by weighing the necessary amount of oleic acid on the 
soda-straw microbalance and then dissolving it in 5 em? of alcohol. Fora 0.5% solu- 
tion, this will require 22.25 milligrams. A tiny piece of aluminum foil placed in the straw 
will serve as a container for the oleic acid which is then put with the acid into the alcohol. 


The amount of oleic acid per drop of solution can be found as before. 


0 


Answers to Questions A 


U n 
The thickness of the oleic acid film on ihe swimming pooltcan be found by dividing 
the volume of the drop by the surface area of the pool. 
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Five cm? of oleic acid in 95 cm? of alcohol makes a 5% solution. Five cm? of the 
5% solution contains 0.25 cm? of oleic acid and 4.75 cm? of alcohol. Mixing this with 
45 cm? of alcohol results in a solution that contains 0.25 cm? of oleic acid in 49.75 cm? 
of alcohol. This is the same as 0.50 cm? of oleic acid in 99.50 cm? of alcohol. 
Expressed in per cent, the concentration is 0.5%. 


When one drop of alcohol is dropped in the water, the chalk dust moves outward, 
begins to form a clear area, and then collapses as thé alcohol evaporates or goes into 
solution. ^ 


Two drops of oleic acid will form about twice the area of one drop (the radius in- 
creases by about 40%). Three drops willform about three times the area of one drop | 
if the tray is large enough for the acid and the indicator to spread out. From this it can | 
be concluded that within the accuracy of the éxperiment, the film is uniformly thin 
regardless of whether one or more drops are used. 


x t 
A sample set of calculations of the thickness of the molecular layer is as follows: 


Average diameter of film ring: 20 cm 

Area of ring 2: 314 cm? 

Concentration of solution: 0.5% 

Volume of one drop (50 drops/cm? ): 0.02 cm? ^ 

Volume of oleic acid per drop: 0.5% * 0,02 em? = 1x 10" em? 

Thickness of the film = as = 93.2 x oem 

The error in measuring the diameter of the film may be about 15%, therefore, the 

error in the area is about 30%. The error in the preparation of the solution is about 2%. 
Variations in the size of the drop may introduce further errors of 5 - 10%. Some error 
is caused by the indicator even when it is used in small amounts. The students can 
estimate that their calculation is accurate to within a factor of 2 each way. 


If the thickness of the layer were magnified to one centimeter or about 10’ times, on 
the same scale a student whose height is of the order of 1 meter would be about 104 
kilometers tall. He could lie down with his feet in the western U.S. and his head in 
Europe. 


If the layer is one molecule thick and the molecules are assumed to be cubes, 3.1 X 10$ 
molecules could be placed along each dimension of a centimeter cube. Then (3.1 x 105 )? 
= 3 x 10 molecules would fill one cubic centimeter. One molecule of oleic acid would 


have a mass of 99 eem 23x 10˙ gm 
3x 107 em- a 


The molecular weight of oleic acid is 282, i.e. one mole is 282 grams. If the mass of 


one molecule of oleic acid is 3 X 10° grams, then there are — 282 grams m 1022 molecules 4 
in one mole. . 5 x 1779 groma 4 


The main source of error in this evaluation of Avogadro’s number is the assumption 
that the oleic acid molecule is a cube; in reality it is long and narrow, with a width and 
thickness each about $ its length. Therefore, there are about 10 x 10 times the 
number of molecules, or 10°% in one mole. 


APPARATUS 
1 Large tray (min. 15" x 15") x . Fine powder (chalk or lycopodium) 
5 cc of 0.5% solution of oleic acid in ) Sandpaper (needed if chalk is used) 
isopropyl or methyl C / / ( s 
1 Medicine bottle and dropper Aluminum foil (optional) 


1 Graduated cylinder (sensitive to 0.1 cc) Clean water 
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1-9. NATURAL. TEMPERATURE SCALE 


The purpose of this experiment is to show that a gas thermometer defines a natural 
temperature scale. The scale is linearly proportional to gas volume by definition, and 
it is independent of the nature of the gas. The linearity is not confirmed by checking it 
against a mercury thermometer. That shows only that the mercury thermometer is ' 
calibrated to agree with the gas scale. 


The experiment relates to Sections 9-4 and 9-5 and may be done before the sections 
have been studied. 


For best results, the inside of the flask and glass tube must be dry. A small wad of 
cotton placed over the end of the glass tube will help keép the inside of the flask dry 
while the flask is immersed in the boiling water. If the humidity is very high, storing 
the flasks overnight in a box with a small amount of calcium chloride will remove the 
moisture from the air in the flasks and will give a better final result. 


A 250 ce flask is best. Larger flasks require large containers of boiling water and 
ice water. If the same flask is used for a second run, it should be thoroughly dried. 
Even one drop of water can throw results off drastically. 


The transfer of the flask from the boiling water to the ice water must be done quickly, 
with a finger placed firmly over the end of the glass tube to prevent outside air from 
entering the flagk during the transfer. The flask must be completely immersed in the 
ice water, and the mixture stirred gently to insure uniform temperatures. 


The volume of the air in the flask is determined by filling the flask with water and 
measuring the contents in a graduate. This volume is the volume of the gas at the 
‘boiling point of water. The difference in this volume and the volume of ice water 
entering the flask is the volume of the gas at the freezing point of water. 


It would be a good idea to have students repeat the experiment two or three times for 
each different gas used. If time does not permit, the readings from trials by various 
students can be shared and the average taken to give equally satisfactory results. 


To show that the scale is the same for different gases, at least one other gas should be 
used in addition to air. Oxygen is a good choice since it is relatively easy to prepare in 
the laboratory. The gas can be dried by passing it through a calcium chloride tube be- 
fore à run is made. Such gases as helium, propane, and methane will give equally good 
results. Special care should be taken if combustible gases are used. The solubility of 
carbon dioxide in water prevents its use with the method outlined in the experiment. 


^ Answers to Questions 


The temperature in degrees centigrade found by extrapolating the curve to zero volume 
will be approximately -273°C.; values ranging from -2400C. to -300°C. will not be 
uncommon, since an error in measuring the volume of the gas at the freezing point of 
water will increase approximately ten times when the curve is extrapolated to zero 


volume. 
1 


The curve found by plotting the results using a different gas willbe essentially the 
same as that found for air. 1 


: S 
* Measuring the temperature of the water will usually change it slightly. When a mer- 
cury thefmometer is used, the change is negligible. Since a thermometer is in general 
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not at the same temperature as the object whose temperature it is to measure, there 

will be a small exchange of heat between the two. That is, the thermometer will either 
warm or cool the object. How noticeable this effect is depends on the relative sizes of 
the thermometer and the object. This question can serve as an introduction to Chapter 
10 of the text. 


n 
X 


APPARATUS 


3-5 Erlenmeyer flasks, 250 cc 
Rubber stoppers, one-hole, to fit flasks . 
Glass tubes, 2" 

2  Beakers, 500 cc 
Ice 
Cotton 
Burner 
Graph paper 

1 Setup for generating oxygen from the mixture 
of potassium chlorate and manganese dioxide, 
and a calcium chloride tube to dry the gas. 


Helium, propane, or methane 


